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FOREWORD 


This study was performed under Contract NAS8-30820 for the George 
C, Marshall Space Flight Center of the National Aeronautics and Space 
Administration under the direction of James R. Turner, the Contracting 
Officer's Representative. The final report consists of two volumes: 
Volume I - Executive Summary, 

Volume II - Technical and Cost Analysis, 
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I. 


INTRODUCTION 


Much of the Space Transportation System (STS) planning centered around 
the investigation of various operating methodologies to achieve low-cost 
space operations. Primary emphasis focused on justifying the STS develop- 
ment on an economic basis. The emphasis was to show that the development 
investment, initial fleet costs, and supporting facilities for the STS 
could be effectively offset by exploiting the capabilities of the STS to 
satisfy mission requirements and reduce the cost of payload programs. Al- 
though many items contribute to cost effective payload programs, the main- 
tenance and/or refurbishment question, with its many variables, embraces 
a majority of the design, operation, and cost questions that must still be 
resolved before the full potential of the STS can be achieved. 

Considerable work has already been done relative to the orbital mainten. 
ance question. The large number of maintenance studies performed for NASA 
and DOD over the past few years formed the basis for this study. These 
studies generally accented specific maintenance concepts, spacecraft pro- 
grams, space tug effects, or certain analytical aspects. It was necessary 
to place all these alternative maintenance concepts on a common basis for 
effective comparison. This effort included an assessment of the relative 
value of the previously identified concepts and an overall comparison of 
the expendable, ground-ref urbishable, and on-orbit maintainable modes. 
Through this process, the most effective concepts were isolated. 

The following major conclusions were reached in the study. 

• The development of an on-orbit servicer maintenance system is com- 
patible with many spacecraft programs and is recommended as the 
most cost effective system. 

• Spacecraft can be designed to be serviceable with acceptable 

design, weight, volume, and cost effects. 

. Use of on-orblt servicing over the 12 years- covered by the 1974 
SBPD and the October 1973 Payload Model results in savings greater 

than 

-e nine billion dollars over the expendable mode, and 
- four billion dollars over the ground refurbishable mode. 


9 The pivoting arm on-orbit servicer was selected and a preliminary 
design was prepared. 

a Orbital maintenance does not have any significant impact on the 
space transportation system. 

a Users need guarantees that servicing will be available and assur- 
ances that it will be cost effective. 

The advantages of on-orbit servicing are greatest when there are many 
similar spacecraft in orbit, when the program time is long compared to the 
spacecraft lifetime, when the spacecraft availability requirement is simi- 
lar for comparative modes, and when the spacecraft cost is not too low com- 
pared to the launch cost. The study outputs included a one-tenth scale 
mockup of the on-orbit servicer and three representative spacecraft as well 
as engineering test units of two forms — side- and bottom-mounting — of module 
interface mechanisms. 

While the study used a NASA mission model representing automated space- 
craft, the general conclusions are applicable to sortie missions and to 
DOD spacecraft. The study has been coordinated, integrated, and data ex- 
changed with a parallel study, Integrated Orbital Servicing and Payloads 
Study, being conducted by the COMSAT Laboratories of the Communications 
Satellite Corporation (COMSAT) under the direction of Dr. Gary D. Gordon. 

The COMSAT study principally looked into on-orbit servicing and STS effects 
on communications satellite operations. These activities have been most 
beneficial to the conduct of this study. 

STUDY OBJECTII^S 

The broad objective of this Integrated orbital servicing study (lOSS) 
was to provide the basis for the selection of a cost effective orbital 
maintenance system supported by the space transportation system. This ob- 
jective required the selected mode to be cost effective in the sense of 
minimizing the total life-cycle spacecraft program costs, including those 
associated with maintenance, while retaining the spacecraft availability 
level implied by the payload model. The maintenance approach selected 


could have been a combination of modes which could be selectively applied 
to the payload model automated spacecraft programs. 

Inclusion of the study add-ons has expanded the objective to include 
preliminary design of a cost effective servicer, fabrication of a one-tenth 
scale mo ckup, evaluation of the control issues pertinent to servicing in 
orbit, expanded technical emphasis on spacecraft interfaces to better assess 
the potential effects of spacecraft configuration for servicing, and the 
design and fabrication of engineering test units of two different space- 
replaceable unit interface mechanisms and an associated end effector. 

The large number of maintenance studies performed for NASA and DOD the 
past few years form the basis of this study as shown in Table I-l. These 
prior studies (Chapter XI) generally accented specific maintenance concepts, 
spacecraft programs, space tug effects, or certain analytical aspects. It 
was necessary to put the alternative maintenance concepts on a common basis 
for effective comparison. All cost-generating effects were to be identified 
so the cost comparison could be complete. The design effort was originally 
limited to "gap filling" as necessary to form a basis for generating costs. 

Of the many approaches to providing servicing functions, module exchange 
was selected for maintenance concept evaluation because it satisfies the 
majority of the servicing operations with a single technique. This selec- 
tion is consistent with the findings of the majority of the prior studies. 

Table 1^1 TOSS Scope 


CONSIDERATIONS 

ACTIVITIES 

BUILD ON PRIOR STUDY RESULTS 

1 NCLUDE ALL MAINTENANCE CONCEPTS 

ALL AUTOMATED SPACECRAFT IN PAYLOAD MODEL 

SHUTTLE ORBITER AND FULL CAPABILITY SPACE 
TUG 

PRIMARY SERVICING FUNCTION IS MODULE EX- 
CHANGE 

PUT PRIOR WORK ON COMMON BASIS 

PERFORM TECHNICAL EVALUATIONS 

CONDUCT STS IMPACT ANALYSIS 

DETERMINE SPACECRAFT INTERFACE DESIGN 
REQUIREMENTS 

PERFORM CONSISTENT ECONOMIC ASSESSMENT 

EVALUATE PROGRAMMATIC/MANAGEMENT ASPECTS 

PREPARE SERVICER PRELIMINARY DESIGN AND 
MOCKUP 

IDENTIFY SERVICER CONTROL SYSTEM APPROACH 

DESIGN AND FABRICATE SRU INTERFACE MECHAN- 
ISMS 

PREPARE STUDY RECOMMENDATIONS WITH SUP- 
PORTING RATIONALE 
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Module exchange can provide the servicing functions of (1) repair failed 
equipment, (2) repair degraded equipment, (3) overcome design failures, 

(4) replace/replenish worn-out equipment, and (5) update equipment with 
new models. Equipment includes mission equipment as well as subsystem 
equipment. The maintenance concepts were also evaluated as to their adap- 
tability to such other servicing functions as inspection, cleaning, and 
fault detection and isolation. 

As the various maintenance concepts were identified, it became obvious 
that very little hard data existed; most concepts were just sketches of the 
spaceborne equipment and there were no data concerning the associated ground 
and operations equipment. Thus it was necessary to complete the concept 
definitions in many areas. Inherent in the activities of Table I-l is iden- 
tification of the criteria for the several evaluations. These criteria have 

been identified and evaluated and have become one of the significant study 
outputs. 

In our examination of the many maintenance concepts, the entire auto- 
mated spacecraft mission model, full life-cycle costs, the entire range of 
STS interfaces, and the myriad detail aspects, we found that the resultant 
breadth of our study permitted depth in only certain limited areas. We have 
compensated for this effect by drawing particularly on two excellent concur- 
rent studies. Operations Analysis Study by the Aerospace Corporation, and 
Servicing the DSC'S-II with the STS by TRW Systems Group. These studies con- 
centrated on more limited aspects and provided the depth of analysis needed 

so we could apply it across the breadth of this study. 

The automated spacecraft of the payload model were evaluated to identify 
those to which maintenance might reasonably be applied. This involved 47 
dxfferent spacecraft programs with 340 missions. To provide the desired 
depth of analysis, six spacecraft programs were selected to characterize, 
or represent, all the maintenance-applicable spacecraft programs. The con- 
figurations of the six spacecraft in this characteristic set are shown in 
Figure I-l. The figure shows each spacecraft in its operating configuration 
to approximately the same scale for each spacecraft. The characteristic set 
spacecraft designations are biomedical experimental scientific satellite 
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Figure I -1 Configurations of Char act eristia Set 

(BESS) , environmental monitoring satellite (EMS) , gravity satellite (GRAVSAT) , 
international communications satellite (INTELSAT), large X-ray telescope 
(LXRT) , and upper atmosphere explorer (UAE) . 

The figure Illustrates the variety of shapes, sizes, and configurations 
of spacecraft that might be involved in servicing. The configurations of 
the spacecraft considered for maintenance are important for the following 
reasons; 

1) The sizes and shapes of the spacecraft as stowed in the payload 
bay are necessary to calculate potential launch sharings and costs; 

2) The operating configuration of the spacecraft as compared to the 
stowed configuration in the payload bay is necessary to determine 
requirements for reconfiguring the operating spacecraft to fit 
back into the payload bay for ground refurbishment ; 

3) The operating configuration is necessary for investigating docking 
considerations and movement of external servicing devices over the 
spacecraft surfaces; and 

4) The current configuration is necessary to help determine if, and 
how, a spacecraft should be configured for servicing. 
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Figures 1-2 and -3 illustrate serviceable configurations of the large 
X-ray telescope and the INTELSAT being serviced by an on-orbit servicer 
where the orbiter and tug are the respective carrier vehicles. These 
figures show two applications of the pivoting arm servicer, recommended 
by this study, that can also be applied to an earth-orbital teleoperator 
system, to a geosynchronous free-flyer, to the solar electric propulsion 
system, and to some forms of the Interim upper stage. 

RELATIONSHIP TO OTHER NASA EFFORTS 

The loss, with its emphasis on building on prior and parallel study 
results, had a significant relationship to other NASA efforts. The prime 
relationship was with the Integrated Orbital Servicing and Payloads Study 
being performed by COtlSAT Laboratories of the Communications Satellite 
Corporation. These two studies were conducted in parallel for the same 
MSFC Contracting Officer's Representative, James R. Turner. The studies 
were coordxnated, integrated and data was exchanged. Monthly coordination 
meetings were held and all our formal presentations were joint. The purpose 
of the COMSAT effort is to include a commercial user's perspective and to 
provide a fuller consideration of the effects of servicing on INTELSAT de- 
sign and operations. 

The major part of the prior work, which included over three million 
dollars of contracted effort, is well represented by the seven studies of 
Table 1-2. The recommendations from these studies and the types of data 

Table 1-2 SignifiaantFviov Studies contained in the study reports are 

shown in Table 1-3. These recom- 
mendations were useful because they 
provided a tentative set of conclu- 
sions the loss could support or re- 
ject. The study agrees with most 
of the stated recommendations as 
explained in Chapter II. 

Two of the studies were parti- 
cularly helpful. The operations 
analysis study by Aerospace defined 


PAYLOAD SUPPORTING STUDIES FOR TUG ASSESSMENT 
MSFC IN-HOUSE, 1973 

IN-SPACE SERVICING OF A DSP SATELLITE 
SAMSO/TRW, MARCH 1974 

UNMANNED ORBITAL PLATFORM 
.MSFC/RI, SEPTEMBER 1973 

PAYLOAD UTILIZATION OF TUG 
MSFC/MDAC, GE AND FAIRCHILD, MAY 1974 

OPERATIONS ANALYSIS 
NASA/AEROSPACE, JULY 1974 

SERVICING THE DSCS-I I WITH THE STS 
SAMSO/TRW, MARCH 1975 

EARTH OBSERVATORY SATELLITE SYSTEM 
GSFC7 IN-HOUSE AND Contracted, coNTiNU iNG 
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Table 1-2 Results of the Signifiaant 
VtIov Studies 


THEIR RECOMMENDATIOIMS INCLUDED: 

ON-ORBIT SERVICING IS THE MOST PROMISING 
MA I NTENANCE A PPROACH (ALL); 

SPACECRAFT SHOULD BE DESIGNED FOR SERVIC- 
ING (ALL); 

GROUND REFURBISHMENT IS NOT AS PROMISING 
(SIX); 

HIGH RELIABILITY MAY BE MORE COST EFFECTIVE 
(THREE); 

ON-ORBIT SERVICING SHOULD BE FURTHER IN- 
VESTIGATED (ALL). 

TYPES OF DATA AVAILABLE: 

SERVICER COfMCEPTS (ALL); 

SERVICEABLE SPACECRAFT CONCEPTS (ALL); 

COST DATA (ALL); 

SERVICER EVALUATION CRITERIA (SIX); 
RELIABILITY ASSESSMENUFIVE); 

MODULE SIZES AND WEIGHTS (SIX). 

Table 1-4 Concurrent Studies 


MULTI-MISSION SUPPORT EQUIPMENT 
MSFC/MMC, JUNE 1974, 10 MONTHS 

ORBITAL ASSEMBLY AND MAINTENANCE 
JSC/MMC, AUGUST 1974, 12MONTHS 

STUDY TO EVALUATE THE EFFECT OF EVA 
ON PAYLOAD SYSTEMS 
AMES/RI, JULY 1974, 6 MONTHS 

MULTI-MISSION SUPPORT EQUIPMENT 
(LAUNCH SITE) 

MSFC/MMC, SEPTEMBER 1974, 8 MONTHS 

EARTH ORBITAL TELEOPERATOR SYSTEM 
(EOTS) CONCEPTS AND ANALYSIS 
MSFC/MMC, JANUARY 1975, 12 MONTHS 


a set o£ standardized modules and 
the complement of those modules 
for 29 spacecraft. It also provided 
weight and reliability data for 
these modules. The data were extrap- 
olated to our set of 47 spacecraft 
programs. The DSCS-II study by TRW 
was based on existing TRW spacecraft 
and provided much detailed data on 
designs, costs, and schedule effects. 
These data helped us to extrapolate 
the NASA-provided spacecraft cost 
numbers from the expendable form to 
the ground-refurbishable and on-orbit 
serviceable forms of spacecraft. 

The statement "high reliability 
may be more cost effective" can be 
interpreted in two ways. Two of the 
studies concluded that high relia- 
bility may be more cost effective 
than orbital servicing, while the 
third study concluded that orbital 
servicing is more cost effective than 
the other two modes and, within this 
mode, the reliability increases con- 
sidered provided additional savings 
fdr the spacecraft system considered. 

Table 1-4 lists five concurrent 
studies that provided additional 
data helpful to the lOSS and to 
which the lOSS provided significant 
and useful data. 
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STUDY APPROACH 


The objective of maintenance is to increase a system’s availability, 
which is a measure of the time that a system is ready to perform its inten 
ded mission. Maintenance, or servicing, is one way to reduce the cost of 
availability. The many approaches to obtaining spacecraft availability 
are shown in Figure 1-4. This tree of approaches is easily divided into 


APPROACHES TO OBTAINING 
SPACECRAFT PROGRAM 

availability 

I 


SPACECRAFT QUAMriTY 

I -I 1 

ON GROUND ON ORBIT 


— —I 

SPACECRAF QUALITY 


redundancy 

I — ****•" — I 


RELIABILITY 

INCREASE 

» 


MAI ml NANCE 


SELF- 

SWITCHED 


1 


INHERENT ONGROUND 


REMOTELY 

SWITCHED 


I ! 

SELF-REPAIR BUILT-ON 


ON OR BIT 


1 

VISITING 

SYSTEMS 


EXPENDABLE 


GROUND 

REFURBISHABLE 


ON-ORBIT MAINTAINABLE 


Figure 1-4 Spaoearaft Frogrom Availability Approaches 

the maintenance modes of the study— expendable, ground-refurbishable , and 
on-orbit maintainable. Two maintenance concepts shovm were considered and 
found to have little application— built-on and self-repair. Built-on is a 
maintenance concept in which the spacecraft has its own spare modules and 
the failed modules are replaced mechanically. Self -repair is an extension 
of built-on where the spacecraft has a second manipulator that is used to 
repair the failed modules. Note that the availability approaches in the 
shaded area are not considered part of the study effort; those in the un- 
shaded area were addressed. 

In the expendable mode, spacecraft are launched until the desired on- 
orbit fleet size is obtained and then each failed spacecraft is replaced 


1-9 


with a new spacecraft. The ground-ref urbishable mode starts as with the 
expendable mode until a spacecraft fails. Then the failed spacecraft is 
returned to earth, repaired, and relaunched. (If an extra spacecraft has 
been procured, then it is sometimes possible to launch the replacement 
spacecraft and retrieve the failed spacecraft on one mission.) The on-orbit 
maintainable mode is also like the expendable mode until a failure occurs. 
Then replacement modules are taken into space, exchanged with the failed 
modules, and the spacecraft returned to normal operation. The method used 
for exchanging the modules, called visiting systems, has been the subject 
of much study. 


The overall study task identification and interrelationships shown in 
Figure 1-5 demonstrate the highly interactive approach necessary for the 
technical and economic evaluations to support the study objective — provide 
the basis for selection of a cost effective orbital maintenance system sup- 
ported by the STS. The desired results are tradeoff studies, rationale, 
evaluations, criteria, spacecraft configuration data, and cost structure 
formats to support the selection of maintenance concepts to be used in the 
actual cost determination of on-orbit serviceable versus expendable and 
ground— ref urbishable altstnatives that will provide the desired spacecraft 
availability. 



Figure 1-5 Study Tasks and Flow 
I-IO 








After the first quarterly review the study effort was Increased to in- 
clude an increment to task 3, spacecraft Interface requirements; task 6, 
servicer control issues; and task 7, servicer preliminary design and mockup 
These activities were added to meet the important needs of providing an 
effective on-orbit servicing demonstration device; i.e., a servicer mockup, 
an initial evaluation of the controls problem, and expanded definition of 
the effect on the spacecraft interfaces resulting from the on-orbit servi- 
cing scenario. After the third quarterly review, task 8, space-replaceable 
unit interface mechanism design and fabrication, was added to provide en- 
gineering test units for two approaches to the important mechanical fasten- 
ing interface between the space-replaceable units and the spacecraft and 
stowage rack. 

This technical volume has been organized to introduce each subject in 
sequence and to complete the discussion of that subject in its own chapter. 
The result is a different grouping of subjects from the study tasks. Table 
1-5 shows, on the left hand side, which chapters discuss the subjects of 
specific tasks. The chapters have been ordered by completeness of discus- 
sion with the primary chapters listed first. The inverse correspondence 
is shown on the right hand side of the table. 

Table 1-6 Task/Chapter Correspondence 


TASK TO CHAPTER 

CHAPTER TO TASK 

TASK 

CHAPTERS 

CHAPTER 

TASKS 

1 

Ml 

1 

— 

2 

IV, II 

II 

ALL, 2 

3 

IV, V, VII 1, IX 

III 

1 

4 

IX, VII, VIII, V 

IV 

2. 3, 5 

5 

X. IV, V, IX 

V 

3, 8, 4, 5 

6 

VI 

VI 

6 

7 

VII 

VII 

7, 4 

8 

V 

VIM 

3. 4 



IX 

4. 5, 3 



X 
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While the study involved many facets, iterations, and evaluations, 
the flow of the major tradeoffs is shown in Figure 1-6. The three modes 
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I 

EXPENDABLE 


MAINTENANCE APPROACHES 

1 I - 1 

ON-GROUND VISITING SYSTEMS 

I 1 ^ — I 

EVA SRMS ON-ORBIT • CONCEPTS 

SERVICERS 


I 

PIVOTING GENERAL PURPOSE 

ARM MANIPULATOR 


^ ^ ^ ^ III — — i s/ 

EXPENDABLE GROUND ON-ORBIT MAINTAINABLE MODES 

REFURBISHABLE 

EVALUATION CONS I DERATIONS; 

1. SPACECRAFT DESIGN ASPECTS 

2. STS IMPACTS 

3. TECHNICAL 

4. OPERATIONAL AREAS 

5. PROGRAMMATIC 

6. COST 

Figure 1-6 Study Evaluation Flow 

are shown across the middle of the figure. Each mode can be achieved by 
one or more maintenance oonaepts. The primary tradeoff is between the 
three modes ^ but the maintenance oonaept for the visiting system level— 
EVA versus shuttle remote manipulator system vs on-orbit servicer-also 
had to be selected. While Figure 1-6 expresses the on-orbit servicer 
tradeoff as being between the pivoting arm and the general-parpose manip- 
ulator maintenance aonoeptSy these two concepts are the result of a 
screening/ categorization/evaluation process that started with 15 differ- 
ent concepts. The considerations shovm on the figure were used in the 
evaluations depicted as well as in most of the other study evaluations. 

SIGNIFICANT CONCLUSIONS AND RESULTS 

The significant conclusions and results reached in the two Integrated 
Orbital Servicing studies are presented below with the major conclusxons 
shown in italics. Many secondary results and supporting conclusions are 
given in the rest of this chapter and in the technical volume. The follow 
ing significant conclusions and results were generated by both COMSAT and 
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Martin Marietta in their two companion studies. These conclusions, where 
Martin Marietta has performed a significant part of the work, are discussed 
and their supporting rationale are presented in the remainder of this 


chapter . 

1 • Top-level conclusions 


a) On-oTbit main-tenance is the most aost-effeative mode (Chapter X) . 

b) Spacecraft can be designed to be serviceable with acceptable 
design^ weighty volvme, and cost effects (Chapter V) . 

c) The module exchange form of servicing is applicable to repairing 
failed satellites, Improving reliability of operating satellites, 
and updating equipment (Chapter II) . 

d) Analysis, design, engineering test unit fabrication, and evalua- 
tion of on-orbit servicers should continue (Chapter VII) , 

e) On-orbit servicing can increase program flexibility and satellite 
reliability, lifetime, and availability (Chapter II). 

f) Ground refurbishment is not cost effective for most geosynchronous 
satellites (Chapter IX) . 

Maintenance concepts 

a) The on-orbit servioer maintenmoe aonoept is reootmended (Chapter X) 

b) The on-orblt servicer, extravehicular activity, and shuttle remote 
manipulator system are all technically feasible (Chapter IV). 

c) Only the on-orbit servicer is applicable to both tug and orbiter 
based missions (Chapter IV). 

d) Remote control of module exchange with an on-orblt servicer is 
technically feasible (Chapter VI) . 

3. On-orbit servicers 

a) The pivoting arm on-orbit servicer was selected and a preliminary 
design was prepared (Chapters IV and VII). 

b) On-orbit servicer concepts exist that will permit a broad range 
of spacecraft design alternatives (Chapter IV). 

c) On-orblt servicing is compatible with standardized modules or 

spacecraft, but does not require them to be cost effective (Chapter 
V). 


1-13 


d) Side- and bottom-mounting forms of space replaceable unit inter- 
face mechanisms are useful and have been designed (Chapter V) . 

4 . Economics evaluations 

a) Use of on-orbit servicing over the 12 years covered by the 1974 
SSPD and the October 1973 PayZoad ModeZ resuZts in savings greater 
than 

• nine biZZion doZZccrs over the expendabZe mode^ and 

• four biZZion doZZars over the ground refurbishabZe mode 

(Chapter IX) 

b) The life cycle costs of the on-orbit servicer represent approxi- 
mately one percent of the overall savings and these costs can be 
fully recovered by 1982 (Chapter IX). 

c) Cost sensitivity analyses showed that wide variations in cost data, 
especially mission model size and fraction of spacecraft replaced, 
affect specific savings but do not change the major study conclu- 
sions (Chapter IX) . 

d) A long-life free-flying servicer at geostationary orbit is poten- 
tially cost effective (Chapter IX) , 

e) Specific launch cost reimbursement policies can be an important 
factor in which form of servicing is adopted for individual 
spacecraft programs (Chapter IX) . 

f) Expendable satellites are cost effective where satellite lifetime 
meets program lifetime requirements (Chapter IX). 

5. Development implications 

a) A singZe deveZopment of an on-orbit servicer maintenance system 
is compatibZe with many spacecraft programs and is recommended 

(Chapter V) # 

b) OrbitaZ maintenance does not have any significant impact on the 
space transportation system (Chapter VIII). 

c) On-orbit maintenance with the pivoting arm servicer is compatible 
with a variety of delivery vehicles such as the orblter , full capa- 
bility tug, free-flying servicer, solar electric propulsion system, 
earth orbital teleoperator system, and some forms of the interim 
upper stage (Chapter IV). 


6 . 


User acceptance 


a) Users need guarantees that servicing will be available and assur- 
ances that it will be cost effective. 

b) A deeper understanding of the orbital servicing cost structure is 
required before initiating drastic changes in conventional satel- 
lite construction and operations methods. 

c) Scheduling delays of several months are tolerable for many servi- 
cing requirements. 

d) Development of the on-orbit servicer should include early in-space 
demonstrations of module exchange along with rendezvous and docking 
(Chapter X) . 

e) Building, flying, and servicing a serviceable satellite is needed 
to obtain widespread acceptance of orbital servicing (Chapter X) . 

E. IMPLICATIONS FOR RESEARCH 

All the on-orbit servicers considered — especially the one recommended — 
used approaches, components, techniques, and arrangements that are well 
within present day state of the art. However, several associated aspects 
have been identified as candidate supporting research and technology items 
in the advanced development category. These are discussed in the following 
paragraphs. ’ 

1. Control Techniques for On-Orbit Servicers (Chapter VI) 

This study recommended a combination of supervisory and remotely manned 
control. These techniques should be further considered to ensure that the 
most effective system of control of the module exchange process is employed. 

2. Space-Replaceable Unit Interface Mechanisms (Chapter V) 

The mechanical Interface between space-replaceable units and the space- 
craft and stowage rack needs a level of standardization if a single servicing 
concept is to be used across many spacecraft programs. Although two versions 
of the SRU interface mechanism have been designed and engineering test units 
fabricated, a significant amount of technology and development work must be 
performed before any interface mechanism can be established as a standard. 


3. Connectors (Chapter V) 

When modules or SRUs are exchanged, connectors will be demated and mated 
with a single push-or-pull action. No such connectors suitable to this use 
were found and they must be developed. In addition to the usual electrical 
power and electronic signal connectors, waveguide connectors are needed. 

There is also a probable need for fluid connectors and some consideration 
should be given to thermal connectors. 

4. On-Orbit Servicing One-G Demonstration Facility (Chapter VII) 

This facility is needed to study the exchange of modules in one-g so 
control systems, latches, trajectories, connectors, and tolerances can be 
investigated and basic data developed for application to flight hardware 
development. 

5. Long-Term Space Environmental Effects (Chapter V) 

The long-term effects of the space environment on the ability to replace 
modules and on continued operation of the various parts of the nonreplace- 
able units are not known. It is desirable to verify predictions that modules 
can be replaced and that the nonreplaceable units will have an adequately 
long life. 

6. Contamination Protection (Chapter V) 

The contamination limits for spacecraft during on-orbit servicing should 
be established so the appropriate limits for the on-or-it servicer and its 
carrier vehicle can be established. The servicer Itself and the stowage rack 
can be kept clean by proper shrouding if necessary. However, the carrier 
vehicles, i.e., orbiter and tug, are not so easily kept clean and develop- 
ment of a "clean" earth orbital teleoperator system should be considered if 
contamination limits are too stringent. 

7. Space-Replaceable Solar Arrays and Drives (Chapter V) 

Solar arrays and drives are expensive items that were considered as 
part of the nonreplaceable units but that possibly should be considered for 
development into space-replaceable units. 

1-16 


SUGGESTED ADDITIONAL REPORT 

A review of the lOSS efforts and conclusions identified a number of 
areas that merit consideration for substantial additional effort. They 
are as follows. 

1. Engineering aspects, 

a) Analysis, design, engineering test unit fabrication, and evaluation 
of on-orbit servicers (Conclusion 1-d) , 

b) Development of SRU interface mechanisms (Conclusion 1-b) , 

c) Development of electrical, waveguide, and fluid connectors compat- 
ible with SRU interface mechanisms (Conclusion 1-b) > 

d) Simulations of module exchange including full-scale SRU interface 
mechanisms (Conclusion 3-a) , 

e) Investigation of on-orbit servicer control following the approach 
that has been suggested (Conclusion 2-e) , 

f) Design of representative serviceable spacecraft (Conclusion 1-b), 

g) Development of spacecraft structural configurations that are com- 
patible with space-replaceable units (Conclusions 1-b) , 

h) Investigation of multiple payload rendezvous techniques and energy 
requirements (Conclusion 4-b) , 

i) . Evaluation of need for, and possible development of, a thermal con- 

nector (Conclusion 1-b) , 

j) Investigation of alternative materials in on-orbit servicer designs 
(Conclusion 3-a) , 

2. Economic aspects , 

a) Development of better cost data including spacecraft standardiza- 
tion, flight density, and scheduling effects (Conclusion 4-a) , 

b) Generation of confidence limits on cost data (Conclusion 4-a) , 

c) Application to DQD programs (Study Limitations of Vol. I), 

d) Investigation of potential servicer benefits with other spacecraft 
not in the mission model considered herein; i.e., sortie lab pay- 
loads, planetary, lunar, and heliocentric spacecraft (Study Limita- 
tions of Vol. I) , 
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e) Determination of effects of the continuing development of NASA 
launch cost reimbursement policy plans on economics and operations 
of servicing (Conclusion 4-e) , 

f) Investigation of availability, lifetime, and servicing strategies 
with a reliability simulation (Conclusion 1-e) , 

3 . Management aspects (Conclusion 2-a) , 

a) Development of on-orbit servicer implementation plan, 

b) Investigation of programmatic/scheduling aspects of the STS, 

c) Consideration of operational mode alternatives, 

d) Evaluation of compatibility of interim upper stage with on-orbit 
servicing, 

e) Consideration of orbit-based servicers (chemical vs solar electric 
propulsion) , 

f) Development of techniques for spacecraft program manager selection 
of maintenance modes, 

g) Identification of safety Implications, 

h) Evaluation of adaptability of the on-orbit servicer to central or 
peripheral docking systems; 

4. User aspects (Conclusion 5-a) , 

a) Development of an on-orbit servicer demonstration plan including 
on-orbit demonstrations , 

b) Identifi catio n and fabrication of equipment for concept verifica- 
tion and test facility. 

G. STUDY GUIDELINES 

The following guidelines were abstracted from the study Request for 

Proposal for reference purposes. 

1) This study will make maximum usage of the previous orbital maintenance 

conceptual studies and/or analyses. All methods are to be compared; 

therefore, no effort is being made in the beginning to restrict the 

range of consideration. 
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2) Only automated spacecraft are to be considered. In this context 
automated refers to spacecraft which are delivered to orbit and re- 
leased and operate without the direct presence of man. 

3) The Integrated orbital servicing system shall be compatible with the 
shuttle and the high technology (full capability) tug. 

4) This study shall be applicable to the current NASA traffic and mission 
models existing during the period of study. 

5) The payloads/spacecraft descriptions to be utilized in this study 
shall be defined by the Shuttle Systems Payload Data (SSPD) existing 
during the contract period. 



n.a background of this study Is found In the largo nua.bor of orbital 
Mintonance studies which wore c«pletod or In progress when the loSS 
started. One of the loSS conditions Is that It use this prior work as 
n starting point. It Is thus useful to discuss these prior studies and 
their application to loSS. They Included a,any different aspects of space- 
craft servicing, each had their own specific objectives, approaches, and 
areas of Interest. Most tended to have positive conclusions on the value 
o servicing. Soce concluded that servicing was marginal eonomlcally 
but that the advantages gained would be worth the development, others 
of which the Institute for Defense Analyses paper. Current Ivy 7^1 
Raga rdlng Reusability of Spacecraft and Unner Military 

( hapter XI, Item 0-5) Is representative; concluded that on-orbit serv- 
icing was marginally better economically but that the programmatic dis- 
advantages and development problems militated against It. 

Ihe majority of the prior work may be loosely grouped int‘o seven con- 
tinuing activities whose current conclusions are represented by the studies 
isted in Table ll-l. The symbols In parentheses after the study name are 
used as designators on other figures in this chapter. Specific references 

Table II-l Significant Prior Studies 


™-houTe° ''' 

IM-SPACE SERVICING OF A DSP SATELLITE 

SAMSO/TRW, MARCH 1974 (DSP) 

UNMANNED ORBITAL PLATFORM 

MSFC/RI, SEPTEMBER 1973 (UOP) 

j payload UTILIZATION OF TUG 

MSFC/MDAC, GE AND FAIRCHILD, MAY 1974 (PUT) 

OPFRATiONS ANALYSIS 

NASA/AEROSPACE, JULY 1974 (OA) j 

SERVICING THE DSCS-lf WITH THE STS 
SAMSO/TRW, MARCH 1975 (DSCS II) 

EARTH OBSERVATORY SATELLITE SYSTEM^ '' 

GSFC/fN-HOUSEAND COlWRACTE^^tNTINUING (EOS) 
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to the work may be found in the Bibliography of Chapter XI. The data and 
results of the prior studies, summarized in Table II-2, were used to 
Identify directions and provide data and methodology for this study. The 
various items were analyzed, cross-checked between studies, and verified 
before being incorporated in the lOSS conclusions. 

Table 11-2 Results of the Slgniflaant Prior Studies • 


THEIR RECOMMENDATIONS INCLUDED: 

ON-ORBIT SERVICING IS THE MOST PROMISING 
MAINTENANCEAPPRQACH (ALL); 

SPACECRAFT SHOULD BE DESIGNED FOR SERVIC- 
ING (ALL); 

GROUND REFURBISHMENT I SNOT AS PROMISING 
(SIX); 

HIGH RELIABI LITY MAY BE MORE COST EFFECTIVE 
(THREE); ./ 

ON-ORBIT SERVICING SHOULD BE FURTHER IN- 
VESTIGATED (ALL). 

TYPES OF DATA AVAILABLE: 

SERVICER CONCEPTS (ALL); 

SERVICEABLE SPACECRAR CONCEPTS (ALL): 

COST DATA (ALL); 

SERVICER EVALUATION CRITERIA (SIX); 

RELIABILITY ASSESSMENT (FIVE); 

MODULE SIZES AND WEIGHTS (SIX). 

A. SUMMARY OF RECOMMENDATIONS 

All the seven studies addressed on-orbit servicing as a significant 
STS capability. The questions were in the nature of how and under what con 
ditions. The impetus to evaluate on-orbit servicing was provided by the 
activity to justify the space transportation system. The momentum was in- 
creased by the series of low cost payload studies performed by Lockheed 
Missiles and Space Company for NASA. This was followed by a series of 
point designs such as the earth observatory satellite, large space tele- 
scope, and defense support program. However, every study was limited to 
one or a few spacecraft or to specific aspects of on-orbit servicing. 

The general, servicing-related, recommendations of the seven studies 
are given in Table II-2, Each study made positive statements on the 
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value of on-orbit maintenance and its superiority to the ground refurbish- 
able maintenance mode and the expendable mode. The relative benefit of 
the ground refurbishable and expendable modes was not as clear cut. The 
operations analysis study did not comment on ground refurbishment and 
four of the studies did not comment on the relative value of high reli- 
ability. The tug assessment study did comment that long life, obtained 
by high reliability and reduction of wear-out aspects, could be cost effec- 
tive. None of the other studies commented to this point. The lOSS has 
agreed with the first four recommendations of Table II-2 but has done no 
work to support or refute the fifth recommendation. 

B. SCOPE AND DATA AVAILABLE 

The scope of the seven prior studies with respect to servicing is 
shown in Table II-3. The emphasis and type of servicing data is given for 
each study. Most of the studies used reliability simulations to obtain 
numbers of spacecraft failures that could be used in the costing analyses. 
In some cases the reliability simulations were used with a costing model. 

The types of data given in Table II-4 are those that could be used 
by the loss study and which were available in at least one of the studies. 
The operations analysis (OA) study by Aerospace Corporation is the most 
inclusive and applicable by subject and the DSCS-II study by TRW Systems 
Group went into the greatest depth with regard to spacecraft design and 
cost/reliability simulations. While these analyses and data were of the 
type we needed, they were used with care and with a full realization of 
the objectives, ground rules, and limitations of the reference work. 

The reliability simulations provided some data on the relationships 
between availability, servicing strategies, and cost. Using the DSCS-II 
study as the primary basis, several points may be stated. High avail- 
ability (>0.97) can best be obtained with the use of operating on-orbit 
spares. The major down-time contributor will then be the time to phase 
the spare spacecraft to its operating location. Ground preparations and 
orbiter scheduling inhibit obtaining high availability by spares on the 
ground. When on-orbit spares are used, then on-orbit servicing can re- 
duce costs while maintaining the minimum availability at a high level. 

The number of maintenance missions (whether to replace or service space- 
craft) tends to be small. For example, a ten year program with four 
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Table II- 3 Saope of Prior Studies 


TA - DOMSAT B SPACECRAFT 

- LIMITED CONSIDERATION OF SERVICER OPTIONS 

- EMPHASIS ON HIGH AVAILABILITY. MAINTENANCE POLICIES AND 

UPPER STAGE ALTERNATIVES 

DSP - DSP SPACECRAFT 

- LIMITED CONSIDERATION OF SERVICER OPTIONS 

-AVAILABILITY REQUIREMENT NOT CONSTRAINED 

UOP - LIMITED CONSIDERATION OF SERVICER OPTIONS 

- NO RELIABILITY SIMULATION 

- CAPTURED 60-80% OF MAI NTENANCE APPLICABLE MISS IONS 

PUT - FOUR GEOSYNCHRONOUS SPACECRAFT 

- EMPHASIS ON EXPLOITING THE STS 

/ 

OA -29 PROGRAMS REPRESENTED THE 42 MAI NTENANCE APPLICABLE 
SPACECRAFT 

- LIM ITED CONS IDERATION OF SERVICER OPTIONS 

- NO CONSIDERATION OF GROUND REFURBISHMENT 

- EMPHASIS ON UPPER STAGE ALTERNATIVES 

DSCSIl - DSCS 1 1 SPACECRAFT 

- INCLUDES MAINTENANCE POLICIES AND UPPER STAGE ALTERNATIVES 

- INCLUDES SPACECRAFT EQUIPMENT FAILURE CLASSIFICATION 

- DETAIL SPACECRAFT AND SERVICER DATA 

EOS - EOS SPACECRAFT 

- LIMITED CONSIDERATION OF SERVICER OPTIONS 
-AVAILABILITY REQUIREMENT NOT CONSTRAINED 

- DETAIL SPACECRAFT AND SERVICER DATA 


operating spacecraft might require four maintenance missions on the average 
Each servicing mission replaces 15^ of the modules on each of two space” 
visited on the average. One result of there being few maintenance 
missions is that the cost per mission of keeping a cadre of knowledgeable 
people available (for the period from end of production to end of pro~ 
gram) becomes high. As different sets of people are required for each 
spacecraft program, there is no proportionate savings for multiple space- 
craft programs. 



Table 11-4 Types of Data Available 


From Prior Studies 
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C. FUNCTIONAL AND DESIGN GUIDELINES 

Functional and dealgn guldcUnea for orbital maintenance were alao 
abstracted from the prior studies ^ . 

in Table IT S m ^ u • functional guidelines are shown 

auider functional 

h n : a more 

one study recommended similarly on seven of the ten items. 

noss^^'"" guidelines and the design guidelines were used as 

P rble guidelines in the loSS study. They were further evaluated as th, 

Study progressed and some were included in e- ^ 

^ , were included m the study recommendations a lh« 

to use guideline, it appears advantageous 

(bFO, if technically feasible so that the development cost of a second 

ystem can be avoided. The third item is involved in a national polLy 

question as to whether anything will be left in space. The loSS reco . 

mended that modules and spacecraft be left in space for so 

oa„o v,„od- „ space, tor some cases, to 

save cost. However, if policy becomes one of reducing pollution in space 
y rieving all space debris, then the cost of expendable spacecraft wil 
ncrease and on-orbit maintenance will appear even better, ae availabili: 



Table II-5 Candidate Functional Guidelines From Prior Studies 


LIMIT SERVICING TO MODULE EXCHANGE (ALL) 

SIMILAR EQUIPMENT FOR LEO AND HEOlUOP, OA) 

RETURN FAILED MODULES (UOP, OA, EOS, DSP SAID NO) 

REPLACE LIFE LIMITED EQUIPMENT AND PROPULSION MODULES WHEN 
REPLACING FAILED MODULE (DSCSI I, EOS) 

AVAILABILITY REQU I REMENT«0. 9999 (TA) 

REPAIR COST FRACTION = 0.3 (TA) 

WARNING INITIATED SERVICING PROGRAMS COST MORE (DSP, DSCSI () 
ONE EXTRA FLEET SIZE IS GENERALLY BEST (TA, DSCSI I) 

MANNED SUPPORT FOR CONTINGENCIES (OA, EOS) 

A PRE-SHUTTLE DEMONSTRATION PROGRAM IS REQUIRED (OA) 


requirem6nt of the TA study is more stringent than the availability numbers 
discussed in other studies where availability was used as a reliability 
simulation output rather than as a requirement. The one extra fleet size 
means that one more spacecraft is purchased and flown bn-orbit than is re- 
quired to meet the scheduled on-orbit requirement. 

Every one of the studies recommended that on-orbit servicing be 
limited to module exchange. Module exchange can accomplish: 

1) Repair of failures, 

2) Repair of degraded equipment to improve spacecraft reliability, 

3) Repair of design failures, 

4) Repair of worn-out equipment and replenishment of expendables 
such as propellants, and 

5) Updating of equipment in terms of more modern equipment or to 
change the mission objective. 

Other functions such as cleaning, inspection, and checkout were not given 
significant importance as on-orbit servicing activities. There is part 
of a serviceable spacecraft called the nonreplaceable unit (NRU) which 
normally is not exchanged. It generally consists of structure, antennas, 
wiring, and solar arrays. All of these have a high reliability and thus 
represent few failures. The DSCS-II showed that on the average 0.25 
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spacecraft would be lost in attempting to operate four spacecraft over a 
ten-year program due to NRU failures. The result is that the large ma- 
jority of servicing requirements can be met by the single activity of ex- 
changing modules. To add more servicing functions will require signifi- 
cantly more servicer capability. Note that the spacecraft can be de- 
signed to do its own fault detection and checkout. The lOSS has thus con 
centrated on the important servicing activity of module exchange. 

The design guidelines are shown in Table II-6. While it was easier 
to identify design guidelines than functional guidelines, the consensus 

Table II- 6 Candidate Design Guidelines From Prior Studies 

USE DATA BUS CONCEPT (ALL) ' “ ' 

SERVICER/SPACECRAFT I l\rTERFACE MUST BE STANDARDIZED (PUT, EOS) 

FLAT MODULE MOUNTING SURFACE (UOP, TA) 

SIDE MODULE MOUNTING (DSCSI I, OA) 

SERVICER LENGTH < 3 FEET (PUT) 

SERVICER WEIGHT < 500 LB (PUT) 

AVOID CONDUCTIVE HEAT TRANSFER (OA, DSP) 

SMALL REPLACEABLE MODULES ARE PREFERRED (TA) 

SRU SIZE HAS MINOR EFFECT ON NUMBER OF SERVICING FLIGHTS (DSCSI I) 
SMALL SRUs REQUIRE HALF THE PER FLIGHT REPLACEMENT WEIGHT (DSCSI I) 

CARRY 1500 LB OF MODULES PER SERVICE MISSION (DSP) 

WEIGHT AND COST INCREMENTS FOR ON-ORBIT SERVICING ARE »10% (TA) 
WEIGHT PENALTY FOR SERVICEABILITY - 1700 LB (OA), 400 LB (DSCSI I) 
SOFTWARE COSTS NOT EXCESSIVE (OA) 

on recommendations is no better. Acceptance of the data bus concept for 
the spacecraft is almost mandatory for on-orbit maintenance, otherwise the 
number of pins in the mating electrical connectors will become excessive. 
This IS particularly true if functional redundancy through the electrical 
connectors is used. The DSCS-II study was unique in that it involved 
three sizes of modules. The medium size module (15 per spacecraft) re- 
sulted in the lowest total program cost. Hie larger size modules resulted 
in a larger total module weight to orbit for the whole program while the 
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converse was true for the smaller modules. This can imply a larger launch 
cost for large modules depending on the launch cost reimbursement policy 
used. The DSCS-II study recommended use of large (eight per spacecraft) 
modules. The EOS study used four subsystem modules and six mission modules 
The loss suggests the use of between twelve and twenty modules per 
spacecraft. 

The PUT study length and weight limits were established by the orbiter 
cargo bay length constraint when carrying the tug and by the tug round 
trip weight capability. The three candidate guidelines on spacecraft geom- 
etry (items 2, 3, and 4) simplify the module exchange mechanism design 
but could cause the spacecraft design to be more difficult. Side mount- 
ing of modules and bottom (flat mounting surface) mounting of modules were 
both suggested. Note also the differences in spacecraft weight penalties 
incurred when the spacecraft is designed for on-orbit servicing, llie TA 
number was for a single spacecraft and the OA number was averaged over 16 
spacecraft. The OA number was large because almost every piece of mission 
equipment was individually modularized. Also the OA study involved an 
additional 121 lbs associated with each module which was due to: baseplate, 
mechanism, thermal control, electrical connector, and power conditioning. ’ 
The DSCS-II raw data showed an additional 800 lbs of propellant to allow 
for stationkeeping and inclination control over the ten year program life. 
The loss suggests that 600 to 800 lbs per spacecraft is a more likely 
penalty for serviceable spacecraft design, 

D. CONDITIONS FAVORING MAINTENANCE 

Documentation for the seven studies was reviewed to isolate those 
spacecraft program/servicing conditions that might favor orbital servic- 
ing. These conditions are listed in Table II-7. 

There are only two areas where the prior studies agree as to what 
favors orbital maintenance. These are launch cost sharing and multiple 
spacecraft servicing, both of which reduce the effective launch costs of 
a service mission. In no other area is a consensus obtained. This illus- 
trates the difficulty of reaching simple, definite conclusions on orbital 
maintenance. 

It had earlier been Suggested that high spacecraft cost should favor 
the application of maintenance. However, none of the referenced studies 
Il-g. 
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III. MAINTENANCE REQUIREMENTS ANALYSIS 


In order to perform a complete analysis on the feasibility of a cost- 
effective maintenance system for automated spacecraft during the shuttle 
era, it was first necessary to establish a data basis to be used through- 
out the performance of the study. The performance of maintenance involves 
the correct combination of three separate and distinct elements; (1) the 
spacecraft upon which maintenance may be performed, (2) the system used to 
perform maintenance, and (3) the system used to transport both the space- 
craft and the maintenance system. 

This chapter discusses in some detail the process used to select the 
spacecraft upon which the performance of maintenance was investigated and 
describes a few of the important, maintenance related characteristics of 
a representative set of the selected spacecraft. Also discussed are the 
existing and currently planned capabilities of the separate STS elements, 
as they apply to maintenance. A brief description of typical maintenance 
mission scenarios follows, plus a brief description of functional and hard- 
ware requirements of maintenance resulting from combining the spacecraft, 
the maintenance systems, and the STS elements in the various scenarios. 

A. MAINTENANCE APPLICABLE SET OF SPACECRAFT 

Several hundred spacecraft missions will be flown during the shuttle 
era. In order to fully evaluate maintenance concepts, the spacecraft upon 
which maintenance may be performed must be considered. Rather than use all 
of the spacecraft in orbit as a basis for evaluating maintenance concepts, 
only those spacecraft upon which the performance of maintenance appears to 
be most feasible will be used in this study. This group of spacecraft is 
called the maintenance applicable set. Since that still could represent a 
large number of spacecraft, a smaller set of spacecraft, called the charac- 
teristic set, was chosen to represent the larger set. This characteristic 
set, which was selected to span most of the important maintenance-related 
characteristics of the larger, maintenance applicable set, was used where 
it was necessary to develop a greater level of detail than was possible 
for the entire maintenance applicable set. 


Figure III-l presents a brief, flow chart type summary of the approach 
used to select these two sets. The first step in the process was to deter- 
mine the total automated spacecraft planned to be flown during the shuttle 
era. From this group of spacecraft, the spacecraft upon which it may prove 
feasible to perform maintenance and the spacecraft in the characteristic 
set would be selected. 

The next step in the process involved the selection of the spacecraft 
upon which maintenance might prove to be more feasible by the elimination 
of all spacecraft upon which the performance of maintenance appeared to be 
very unlikely at this time. Several criteria were evaluated to be used in 
the elimination of spacecraft from maintenance considerations. The five 
criteria shown in Figure III-l were the ones selected to be used in the 



Figure III-l Approach for Selection of Maintenance Applicable Spacecraft 

elimination of spacecraft and the spacecraft remaining formed what is called 
the maintenance applicable set. The maintenance applicable set consists 
of all the spacecraft upon which it may prove feasible to perform mainte- 
nance and establishes the basis used to investigate the technical and 
economic interfaces between maintenance concepts and spacecraft. The 
characteristic set was selected from the maintenance applicable set and 
was used to represent the entire maintenance applicable set in several 

instances in the study. 
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Table III-l Total Automated Spaoeoraft Summary 


year of launch - 73 74 75 76 77 78 79 


NASA 

ASTRONOMY 

PHYSICS 

PLANETARY 

LUNAR 

LIFE SCIENCES 
EARTH OBSERVATIONS 
EARTH & OCEAN PHYSICS 
COMMUN. & NAVIGATION 
SPACE PROCESSING 
SPACE TECHNOLOGY 
TOTAL 

NO N-NASA/NON-DOD 

COMMUN. & NAVIGATION 
EARTH OBSERVATIONS 
EARTH & OCEAN PHYSICS 
TOTAL 


GRAND TOTAL 


2 2 2 12 4 2 
2 1212 12 
1 1 2 2 2 2 5 
0 0 0 0 0 0 1 
0 0 0 0 1 0-1 
1 2 0 2 3 3 3 
0 10 110 2 
0 1 1 0 0 0 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
6 8 7 7 11 10 16 


5 9 8 6 6 9 4 
1 1 2 2 3 4 3 
0 0 0 0 0 0 0 

6 10 10 8 9 13 7 


12 18 17 15 20 23 23 


SOURCES: THE OCTOBER 1973 PAYIOAD ^KDDEL 

THE JULY 1974 SSPD 
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2 
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0 

1 

’ 1 

1 

1 

1 

1 

8 
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2 
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26 

3 

3 
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0 
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0 

1 

0 

1 

0 

6 
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27 

22 

25 

25 

27 

3 57 

6 
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9 

4 
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3 
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3 
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12 

6 

19 
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17 
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3u 

44 

33 

41 

34 
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as the summary table presented in the payload model, with the main excep- 
tion being the additional missions added by the July 1974 SSPD. A total 
of 474 missions were shown in the payload model as compared to the 545 
missions shown in this table. 

Although this study encompasses the performance of maintenance upon 
shuttle era spacecraft, many of the missions shown in Table III-l will be 
launched prior to the time that the shuttle and tug will be ready. In 
fact, some of the spacecraft shown have already been placed in orbit. 

These spacecraft were included in this study for two reasons. First, the 
format of this table was left essentially the same as the format of the 
summary table in the October 1973 payload model to enable an easier com- 
parison between the two tables. This was done since the data from the 
summary table in the payload model has already been used in several related 
studies and it is necessary, when discussing results or making compari- 
sons of studies, to know what the basis was for the studies. The second, 
and main reason why the pre-shuttle era spacecraft have been included was 
that lit may prove feasible, and desirable, to perform maintenance upon 
spacecraft placed into orbit by expendable launch vehicles, after the 

shuttle and tug become operational. 
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At this pointj 545 spacecraft missions, representing 101 spacecraft 
programs, had been identified. The next step in the process was to elimi- 
nate spacecraft upon which it was evident that it would probably not be 
feasible to perform maintenance. This would serve to narrow the boundary 
of the study and to help focus the major attention of this study upon the 
spacecraft most likely to benefit from orbital maintenance. Many criteria 
were considered to be used for the elimination of spacecraft. The follow- 
ing five were selected as valid criteria to be used; 

1) Orbit - All spacecraft in earth escape orbits were eliminated from 
further consideration in this study. This included all lunar, planetary, 
and heliocentric spacecraft. While some maintenance could be performed on 
an earth escape mission while the spacecraft is still undergoing checkout 
in earth orbit, that is considered to be a part of the normal checkout 
capability of the shuttle or tug. Once the spacecraft has been placed on 
the escape trajectory, the energy or the time required to perform a mainte- 
nance mission would be excessive over the current planned STS capabilities. 
Once a maintenance concept has been selected, its use with an earth escape 
type of spacecraft could be considered; however, it would not be proper to 
base the selection of a maintenance concept, even in part, on requirements 
of a spacecraft designed for earth escape missions. 

2) Schedule - All spacecraft planned on being launched prior to 1979 

have been eliminated from this study. All spacecraft which would require 
a tug to emplace in orbit and which are planned on being launched prior to 
1982 have been eliminated from this study. Initial operational capability 
(IOC) of the shuttle orbiter is expected to occur in 1980 and IOC of the full 
capability tug (ground-ruled for use in this study) is expected to occur in 
1983, Even though the shuttle and tug will not be available to perform 
maintenance until these times, some payloads launched prior to these times 
have been included to permit consideration of performing maintenance on 
spacecraft already in orbit when the shuttle and full-up tug become oper- 
ational. It was decided not to look at spacecraft launched more than 2 
years before the lOCs of the shuttle and full-up tug since there probably 
will not be enough time for the maintenance concept design to affect the 
spacecraft, due to the long lead time usually required to implement design 
changes on a spacecraft. This will also help prevent levying too stringent 
requirements on the maintenance concept due to early spacecraft require- 
ments. Ill— 5 


3) Necessity - All spacecraft with no active systems (i.e., no elec- 
trical power system, no attitude control system, no tracking, telemetry 

and command, etc.) were eliminated from further consideration in this study. 
These spacecraft would be entirely passive and have no systems to maintain. 
Two spacecraft programs, with 8 missions (long duration exposure facility 
and MINILAGEOS) were eliminated under this criteria. 

4) Inadequate Data - All spacecraft with inadequate data currently 
available were eliminated from further consideration in this study. Only 
one spacecraft was found that could, be eliminated under this criteria, the 
space processing free flyer. Almost no other data, except the name of the 
spacecraft, were available, not even the number of missions. 

5 ) Cost - All spacecraft for which a very simplified cost analysis 
showed that the expendable form of the spacecraft appeared to be much less 
expensive than the on-orbit maintenance form were eliminated from this 
study. Only the expendable and on-orbit maintainable spacecraft costs were 
compared for this simplified costing. For the simplified analyses, the 
following assumptions were used: 

• On-orbit fleet size was one 

• All shuttle and all tug flights had the same operations costs 

• No loss factors 

• The same cost sharing used for expendable as for on-orbit mainte- 
nance 

An equation was set up comparing the total costs of the expendable form of 
the spacecraft program and the on-orbit maintainable program, and the number 
of missions required to make on-orbit maintenance less expensive than 
expendable was determined. Very simplified assumptions required that a 
large margin be included so as not to eliminate any spacecraft programs 
that should be considered. 

Table III-2 presents a summary of all spacecraft eliminated at this 
time for all the five criteria. The data is presented by number of mis- 
sions and number of programs eliminated for each criteria and totaled both 
by program and by criteria. If some missions were eliminated due to 
several criteria, only the first criteria under which it was eliminated 
is shown. If a certain spacecraft program was eliminated for more than 
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Table III-2 Summary of Spaaearaft Eliminated 


NASA 

ORBIT 

LAUNCH 

<1979 

TUG 

LAUNCH 

<1982 

NECESSITY 

DATA 

COST 

— 

TOTAL 

PAYLOAD 

PROGRAM 

MIS- 

SIONS 

PRO- 

GRAM 

MIS- 

SIONS 

PRO- 

GRAM 

MIS- 

SIONS 

PRO- 

GRAM 

MIS- 

SIONS 

PRO- 

GRAM 

MIS- 

SIONS 

PRO- 

GRAM 

MIS- 

SIONS 

PRO- 

GRAM 

MIS- 

SIONS 

PRO- 

GRAM 

ASTRONOMY 

6 

1 

13 

1 

1 

0 

- 

- 

- 

- 

- 

- ■ 

20 

2 

PHYSICS 

9 

3 

9 

0 

4 

0 

- 

- 

- 

- 

- 

“ 

22 

3 

PLANETARY 

49 

28 

- 

- 

- 

- - 

- 

- 

- 

- 

- 

- 

49 

28 

LUNAR 

8 

5 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

8 

5 

LIFE SCIENCES 

- 

- 

1 

0 

- 

- 

- 

- 

- 

- 

- 

- 

1 

0 

EARTH observa- 
tion 



11 

2 

1 

0 



— 

-- 

1 

1 

13 

3 

EARTH AND OCEAN 
PHYSICS 



3 

2 

2 

0 

2 

1 

— 

■ 

4 

3 

11 

6 

NON-NASAINON-DOD 

- 

- 

56 

0 

21 

0 

- 


- 

- 

J 

1 

78 

1 

COMMUNICATIONS/ 

NAVIGATION 

-- 

— 

2 

2 


-- 






-- 

2 

2 

SPACE PROCESSING 

- 

- 

- 

- 

- 

- 


- 

TBO 

1 

- 

- 

TRD 

1 

SPACE TECHNOLOGY 

- 

— 

- 

- 

- 

-- 

6 

1 

- 

- 

-• 

- 

6 

1 

TOTAL 

72 

37 

95 

7 

29 

0 

8 

2 

TBO 

1 

() 

5 

210 

52 


one criteria, the spacecraft program is listed under the criteria that 
eliminated the last mission, and thus the entire program. A total of 210 
missions and 52 programs were eliminated. Table III-3 presents a summary 
of the spacecraft programs eliminated. This table does show which missions 
were eliminated for more than one criteria. For example, there were four 
missions in the total automated spacecraft (Table III-l) for the advanced 
synchronous meteorological satellite. Three of these four were to fly 
prior to 1979, so they were eliminated. Since they are to be in geosyn- 
chronous orbit, a Tug will be required. Since they fly before 1979, they 
could also be eliminated under the criteria "Tng Launch<l982" . In Table 
III-2, these three missions were eliminated under the criteria "Launch< 
1979". In Table III-3, these three missions are listed under both cri- 
teria. The one mission remaining was eliminated under the cost criteria. 

In Table III-2, this mission and the spacecraft type are both listed under 
the cost criteria. 
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Table I II- 3 Spaaeoraft Programs Eliminated 


SPACECRAFT NAME 


EXTRACORONAL LYMAN ALPHA EXPLORER 
ORBITING SOLAR OBSERVATORY 
HIGH ALTITUDE EXPLORER 
GRAVITY AND RELATIVITY SAT, - SOLAR 
HELIOCENTRIC & INTERSTELLAR SPACECRAFT 
earth RESOURCES TECHNOLOGY SATELLITE 

ADVANCED SYNCHRONOUS METEOROLOGICAL SAT, 

GEODETIC EARTH ORBITING SATELLITE 

LASER GEODYNAMIC SATELLITE 

SEASAT 

GEOPAUSE 

MINILAGEOS 

MAGNETIC FIELD MONITOR SATELLITE 
TIROS OPERATIONAL SATELLITE 
APPLIED TECHNOLOGY SATELLITE 
COOPERATIVE APPLICATIONS SATELLITE 
LONG DURATION EXPOSURE FACILITY 
SPACE PROCESSING FREE-FLYER 
ALL PLANETARY MISSIONS 
ALL LUNAR MISSIONS 


NUMBER OF MISSIONS ELIMINATED" 


NET 


6 

1 

6 

2 

1 

1 

2 

4 

1 

1 

2 

2 

2 

3 

7 
1 
1 
6 

TBD 

49 

8 


ORBIT 


49 

S 


LAUNCH 

<1979 


1 


10 


tug LAUNCH 
<1982 


1 

1 

3 

1 

1 

1 

1 

1 

1 


NECES- 

SITY 


DATA 


COST 


TBD 


The total number of spacecraft programs eliminated was 52, including 
28 planetary programs, 5 lunar programs, and the 19 other programs listed 
in Table III-3. The 52 programs eliminated included 106 missions. The 
additional 104 missions eliminated came from spacecraft programs not 
entirely eliminated, but which have had some of their missions eliminated. 

Table III-4 presents a summary of the spacecraft programs remaining 
once the criteria of orbit, schedule, necessity, inadequate data, and cost 
have been applied. At this point, a total of 335 missions and 49 space- 
craft programs were left. This group of spacecraft was called the 
maintenance applicable set and represents all of the spacecraft which were 
considered for maintenance in the rest of this study. 

Spacecraft programs and missions that have been eliminated from further 
consideration in this study were reevaluated later in the study to insure 
that none were eliminated that would actually be feasible for maintenance. 
This was performed once the detailed technical and economic analyses were 
well under way. Other criteria which were considered, but not selected, 
to be used to eliminate spacecraft at this time (such as size, weight, 
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Table III- 4 Sumnary of Maintenance A'ppliaable Set 


PAYIOAO 

NO, 

PAYLOAD 
MODEL 
CODE NO. 

SPACECRAFT NAME 

AS-03-A 

AST-IB 

COSMIC BACKGROUND EXPLORER 

AS-05-A 

AST-IC 

ADVANCED RADIO ASTRONOMY EXPLORER 

50-03-A 

AST-3 

SOLAR MAXIMUM MISSION 

HE-09-A 

AST-4 

LARGE HIGH ENERGY OBSERVATORY 8 

HE-03-A 

AST-5A 

EXTENDED X-RAY SURVEY 

HE-08-A 

AST-5B 

LARGE HIGH ENERGY OBSERVATORY A 

HE-IO-A 

AST-5C 

LARGE HIGH ENERGY OBSERVATORY C 

HE- 05 -A 

AST -50 

HIGH LATITUDE COSMIC RAY SURVEY 

AS -01 -A 

AST-6 

LARGE SPACE TELESCOPE 

SO-02-A 

AST-7 

LARGE SOLAR OBSERVATORY 

AS 16'A 

AST-8 

LARGE RADIO OBSERVATORY ARRAY 

IIE-llA 

AST-9A 

LARGE HIGH ENERGY OBSERVATORY D 

HE -01 -A 

AST-9B 

LARGE X-RAY TELESCOPE FACILITY 

AS-07-A 

AST-Ml 

3M AMBIENT TEMPERATURE IR TELESCOPE 

A5-U-A 

AST -M2 

1.5M IR TELESCOPE 

AS-13-A 

AST -M3 

UV SURVEY TELESCOPE 

AS-14-A 

AST-N4 

IMUV- OPTICAL TEIE5COPE 

AS -17 -A 

AST-N5 

30M IR INTERFEROMETER 

HE-07-A 

PHY-IA 

SMALL HIGH ENERGY SATELLITE 

AP-Ol-A 

PHY IB 

UPPER ATMOSPHERE EXPLORER 

AP-02-A 

PHY-IC 

EXPLORER-MEDIUM ALTITUDE 

AP-04-A 

PHY-2A 

GRAVITATIONAL AMD RELATIVITY SATELLITE - LEO 

AP 05-A 

PHY-3A 

ENVIRONMENTAL PERTURBATION SATELLIIE-A 

AP-07-A 

PHY-3B 

ENVIRONMENTAL PERTURBATION SATELLITE-B 

HE-12-A 

PHY -5 

COSMIC RAY LABORATORY 

LS-02-A 

LS-1 

BIOMEDICAL EXPERIMENT SCIENTIFIC SATELLITE 

EO-08-A 

EO-3 

EARTH OBSERVATORY SALELLITF 

EO-09-A 

EO-4 

SYNCHRONOUS EARTH OBSERVATORY SATELLITE 

EOlO-A 

EO-5 

APPLICATIONS EXPLORER (SPECIAL PURPOSE SATELLITE! 

EO-12-A 

EO-6 

TIROS 

OP02-A 

EOP-5 

GRAVITY GRADIOMETER 

OP-04-A 

EOP-7 

GRAVSAT 

OP -05 A 

EOP-a 

VECTOR MAGNETOMETER SAIELLITE 

CM 51-A 

NN/D-1 

INTELSAT 

CN-52 A 

NWO-2A* 

DOMSAT A 

CN-53-A 

MN/D-2B 

DOMSAT B 

CN-58-A 

NN/0-2C 

DOMSAT C 

CM-54-A 

NN/0-3 

DISASTER UARNiNG SATELLITE 

CN-55-A 

NN(D-4 

TRAFFIC MANAGEMENT SATELLITE 

CM-56-A 

NN/D-5A 

FOREIGN COMMUNICATION SATELLITE-A 

CM -60 A 

MN/D-5B* 

FOREIGN COMMUNICATION SATELLITE-B 

CM 59-A 

NWD-6 

COMMUNICATIONS R&D PROTOTYPE 

EO-56-A 

MM(D-8 

ENVLRO MENTAL MONITORING SATFLLITE 

EO-57 A 

NN(D-9 

FORET N SYNCHRONOUS METEOROLOGICAL SATELLITE 

EO-58-A 

NNlD-10 

GEOSYNCHRONOUS OPERATIONALAIETEOROLOGICAL SATELLITE 

EO-61-A 

NN(D-II 

EARTH RESOURCES SURVEY OPERATIONAL SATELLITE 

EO-59-A 

NN/D-12 

GEOSYNCHRONOUS EARTH RESOURCES SATELLITE 

EO-52-A 

NWD'13 

FOREIGN SYNCHRONOUS EARTH OBSERVATION SATELLITE 

OP -51 -A 

NN(D 14 

GLOBAL EARTH AND OCEAN MONIlORI NG SYSTEM 

^DROPPED FROM MAIKTE^ 

LANCE APPLICABLE SET IN ECONOMIC ANALYSIS. 



types of subsystems, number of launches, on-board experiments, redundancy, 
'etc.) were considered for use later in the study to help evaluate space- 
craft/maintenance concept interfaces; 

2. Selection of Characteristic Set 

The next step in the selection process involved the establishment of the 
criteria that the characteristic set would satisfy and the establishment of 
the logical process used to select the characteristic set from the mainte- 
nance applicable set. The following criteria were established as conditions 
that the characteristic set should fulfill. 

1) Taken from the maintenance applicable set. 

2) Used to represent the entire maintenance applicable set in later 
tasks in this study. 

3) Span all spacecraft maintenance-related data in the maintenance 
applicable set. 

4) Show potential feasibility problems. 

5) Cover all factors that could affect costs. 

6) Permit evaluations of cost factors for spacecraft not in the charac- 
teristic set. 

7) Have sufficient level of detail available. 

8) Have high interest level in NASA, other government agencies, the 
aerospace industry, and in commerical satellite designer and user industries. 

9) ' Span ranges of STS impacts. 

In order to insure that all of the above criteria were satisfied as well 
as possible by the characteristic set, a logical process was established to 
select the spacecraft in the characteristic set. Figure III-2 presents a 
flow chart of that process. 

Step 1 - Categorize the important maintenance-related characteristics 
of spacecraft in the characteristic set . In order to ensure that the 
characteristic set did span all maintenance-related data in the maintenance 
applicable set, that all factors that could affect cost were covered, and 
that the costing evaluation could be spread across the entire maintenance 
applicable set, it was necessary to first, determine what type of data 
would bd required on spacecraft in the maintenance applicable set, second, 
to gather the data for all spacecraft in the maintenance applicable set. 



Figure III-2 Selection Process for Characteristic Set 


and then to categorize the data for each spacecraft. The categorization of 
data would enable a more orderly investigation of the effects of that data. 
Many different categories of data were investigated to determine what the 
effects might be upon maintenance concepts. Some categories were discarded 
as having no real effect on maintenance concepts, or only minor effects. 

The categories finally selected were as follows: 

1) Orbit - Could maintenance be performed from the shuttle, or is a 
tug also required? 

2 ) Size - Is the spacecraft small, medium, or large? Size is not only 
a measure, somewhat, of spacecraft and system complexity, but size also 
affects STS transportation capabilities, and thus gives some measure of 
STS impacts. 

3) Attitude - What is meant here by attitude dynamics is the space- 
craft stable or spinning? While this study did not attempt to solve the 
problems associated with performing maintenance upon a spinning satellite, 
this could present a potential feasibility problem and should be investi- 
gated. 

Ill-ll 










4) Number of Missions - As the simplified cost analysis showed, the 
number of missions (or number of operating cycles) would be one of the 
most important economic parameters to consider. 

5) On-Orbit Fleet Size - As was also recognized in the simple cost 
analysis discussed above, on-orbit fleet size was an important parameter 
that could certainly affect the economics of a maintenance program. 

6) Life - Satellite lifetime would also be an important factor in the 
feasibility study of on-orbit maintenance. Different requirements might 
be necessary for a satellite with a few months lifetime as compared to a 
satellite with a 10 year lifetime. 

7) Cost - Satellite costs, both for DDT&E and for each satellite, are 
two of the prime cost parameters used to determine the economic feasibility 
of any satellite program. 

8) First Launch Date - The first launch date of a spacecraft is 
important for two reasons. First of all, the time that the spacecraft 
will first be launched, as compared to the different lOCs of the STS 
elements, will be important. And, secondly, the time when the spacecraft 
must first be launched is important as far as user (satellite designers, 
builders, and customers) acceptance of maintenance concepts. 

Data on these categories were gathered for all 49 spacecraft programs 
in the maintenance applicable set. The data were then evaluated to deter- 
mine the most advantageous divisions in the various categories to best 
represent the maintenance applicable set. The divisions decided upon are 
described as follows: 

1) Orbit - The best division of this category was to divide the space- 
craft into those delivered into orbit by the orbiter and those which also 
require a tug. All spacecraft in the maintenance applicable set used 
orbits such that if a tug was required to place the satellite in orbit, 

a tug would be required to perform maintenance. 

2) Size - Weight of the spacecraft was used as the best approximation 
of size. Most of the spacecraft were about the same density; those that 
weren't were well within one order of magnitude. A plot was made arranging 
all of the spacecraft according to weight (see Figure III-3) . This figure 
shows all the spacecraft arranged from the heaviest to the lightest. The 
spacecraft were then divided into groups to try to place approximately an 
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Ftgure III-3 Spaaeoraft i^eight Plot 

e,ual au.ber of spacecraft t„ each division, but at the sa.e tl.e to try 
o use natural divisions between groups. This technique led into dlvidln; 

2 spacecraft betwec 

,00 and 9,000 pounds, and spacecraft lighter than 2.500 pounds. The 
^,300 pound value was also • 

the approximate tug round 

rip capability to geosynchronous orbit. 

3) A ttitude - The only division Mde here was into spinning and 3 
axis stabilized spacecraft. 

4) N umher of Missions - A plot was also made arranging the spacecraft 

according to number of missions (see Figure 111-4). Since single missions 

had already been shown to be an important division in the simplified cost 

analysis, this was selected as one division. The rest of the spacecraft 

types were then divided so that about half fell into each division. This 

the divisions of single missions, two to five missions, and six or 
more missions. 

5) On^ Orblt Fleet Size - More than half of the spacecraft tvpes had 

an on-orbit fleet size of one. of those remaining, most were either two 

or three, with only a few being four or more. These were the divisions 
selected. 
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Figure III~4 Spaeearaft Operating Cycle Plot 
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6) Spacecraft Lifetime - A plot was made arranging the spacecraft 
according to spacecraft lifetime (see Figure III-5). The spacecraft were 
divided into three equal divisions with lifetimes of one year or less, 
one to three years, and three years or more. 

7) Non-Recurring Cost - This category lent itself into an easy division 
with half the spacecraft programs being less than 100 million 1972 dollars 
(M) and half being lOOM or more. 

8) Recurring Cost - Division of this category along natural break 
points accounted for divisions of spacecraft less than $15M, spacecraft 
between $15 and $50M, and spacecraft greater than $50M. 

9) First Launch Date - Natural division points here led to two divi- 
sions; spacecraft launched from 1979 through 1983 and spacecraft launched 
in 1984 or later. This is also the point at which the full capability 
tug will be available. 

Table III-5 presents a summary of the categorization results obtained 
with both spacecraft programs and number of total missions included in each 
category division. Table III-6 presents a summary of all the spacecraft 
in the maintenance applicable set, showing the categorization of data. 

Table IIIS Categorisation Summary 


CATEGORY 

DIVISION 

NUMBER OF 

SPACECRAFT 

PROGRAMS 

NUMBER OF 

SPACECRAFT 

MISSIONS 

ORBIT 

ORBITER 

27 

222 


ORBITER/TUG 

22 

.113 

WEIGHT 

<2500 lb 

19 

132 


2500 < SPACECRAFT < 9000 lb 

17 

107 


<9000 lb 

12 

87 

AniTUDE DYNAMICS 

SPINNING 

6 

21 


3-AXIS 

41 

280 

NUMBER OF MISSIONS 

1 

4 

4 


2-5 

22 

69 


>6 

23 

262 

MAXIMUM ON-ORBIT 

1 

27 

169 

FLEET SIZE 

2-3 

16 

110 


>4 

6 

56 

SPACECRAFT LIFETIME 

ilYEAR 

16 

154 


1 YEAR < LIFETIME <3 YEARS 

17 

92 


2 3 YEARS 

15 

80 

NONRECURRING COST 

?$100M 

21 

102 


<$100M 

21 

153 

RECURRING COST 

< $15M 

16 

111 


il5M < COST < $50M 

16 

84 , 


>$50M 

10 

60 

FIRST LAUNCH DATE 

1979 THROUGH 1983 

32 

260 


il984 

17 

75 
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step 2 - Group the spacecraft based on function and program - The space- 
craft had already been partially grouped according to payload program in the 
payload model. There was a little overlap in function between the groups, 
and a slightly difference grouping was used in the SSPD. A very simplified 

grouping was used here, as follows: 

• Medium/small space viewing observatories 

• Large space viewing observatories 

• Earth viewing, experimental 

• Life sciences 

• Commercial communications 

• Commercial earth viewing 

Six groups were formed,, and since one spacecraft from each group was to 
be selected, this set the number of spacecraft types in the characteristic 
set at six. Table 111^-7 presents a summary of the groupings showing the 
spacecraft in each group. 

Table III-? Grouping of Spacecraft for Characteristic Set 


MEDIUM/SMALL 
SPACE VIEWING 
OBSERVATORIES 

LARGE SPACE 
VIEWING OB- 
SERVATORIES 

EARTH VIEWING 
EXPERIMENTAL 

LIFE 

SCIENCES 

COMMERCIAL COM- 
MUNICATION 

COMMERCIAL 

EARTH 

VIEWING 

AST-IB 

AST-4'= 

EO-3^ 

LS-1 

NNID-1 

NN/D-8 

AST-IC 

AST-5A 

EO-4 


NN/D-2A 

NN/D-9 

AST-3 

AST-5B 

EO-5 


NN/D-2B 

NN'/O-IO 

AST-8'-' 

AST-SC’ 

EO-6 


NN/D-2C 

NNID-11 

NEW-3" 

AST-5D'' 

EOP-5 


NN/D-3 

NNiD-12’ 

NEW-4‘' 

AST-fr' 

EOP-7 


NN/D-4 

NNID-13’’ 

NEW-5'' 

AST-7''' 

EOP-8 


NN/D-5A 

NNID-14'" 

PHY-IA 

AST-9A 



NN/D-5B'* 


PHY-IB 

AST-9 B 



NN/D-6-^' 


PHY-IC 

NEW-l’ 





PHY-2A 

NEW-2'^' 





PHY-3A 

PHY-5^' 





PHY-3B 







■•■TOTAL DATA NOT AVAILABLE. 
tGROUNDRULED OUT FOR CHARACTERISTIC SET. 



step 3 - Elipiinate spacecraft with inadequate data - In order to ensure 
that the spacecraft in the characteristic set constituted the best span of 
data, and to ensure that each one had sufficient detail available, all 
spacecraft for which complete data were not available were eliminated from 
consideration for the characteristic set (they were still kept in the mainte- 
nance applicable set) . This included any spacecraft for which there were 
blank columns in Table III-6, or any spacecraft which were not in the 
detailed descriptions (Level B) of the SSTD. Those spacecraft with inade- 
quate data are so indicated in Table III-7 by an asterisk. 

Step 4 - Select singular spacecraft and prime choices - The first space- 
craft for the characteristic set were selected at this time. The biomedical 
experiments scientific satellite (BESS) was the only spacecraft in the life 
sciences group and was selected as a singular spacecraft. The international 
communications satellite (INTELSAT) was selected as a prime choice from the 
commercial communications group. This was done since; 1) INTELSAT had the 
highest number of missions in the commerical communications group, 2) 
INTELSAT appears almost identical to DOMSAT B and thus, between the two, 

30 of the 61 spacecraft in this group could be represented by ^.NTELSAT, 3) 
INTELSAT is an ongoing program and more data exists on it than any other 
spacecraft in the group, and 4) COMSAT, the operator for the INTELSAT sys- 
tem is performing a concurrent study to this one and could furnish data to 
this study besides having a high interest in the investigation of the feasi- 
bility of maintenance for INTELSAT. 

Step 5 - Determine categories and groups not covered - These two space- 
craft being in the characteristic set covered, of course, the groups of 
life sciences and commercial communications. Four more spacecraft were to 
be selected, one each from the large space viewing observatories, the 
medium/small space viewing observatories, the earth viewing experimental 
and the commercial earth viewing groups. The divisions in the categories 
not covered include: weight >9,000 lbs; attitude, spinning; number of 

missions, 1, 2 - 5 ; on-orbit fleet sizes, 2-3; life, 1-3; non-recurring 
cost >$100M; recurring cost > $50M; and first launch date, ^ 84. 

Step 6 - Establish a matrix with unused categories and remaining 
spacecraft in unused groups - A matrix was established (see Table III-8) 
to enable the rest of the spacecraft to be picked for the characteristic 


III-18 


TdbZe III-8 Spaaeoraft Selection Matrix 


CATEGORIES 

MEDIUM/ SMALL 
SPACE VIEWING 
OBSERVATORIES 

WEIGHT: 
>9000 lb 

0 

ATTITUDE: 

SPINNING 

PHY-16 

PHY-IC 

NUMBER OF MISSIONS: 
1 

PHY-3A 

NUMBER OF MISS IONS: 
2-5 

AST-IC 

PHY-IB 

PHY-IC 

PHY-2A 

PHY-3B 

ON-ORBIT FLEET SIZE: 
2-3 

AST-IC 

LIFETIME: 

1-3 

AST-3 

NONRECURRING COST: 
> $100M 

AST-3 

PHY-IC 

PHY-3A 

PHY-3B 

RECURRING COST; 
> $50M 

0 


GROUPS 


COMMERCIAL 
EARTH VIEWING EARTH 


FIRST LAUNCH DATE: 
>84 


-5A 
-5B 
AST-9A 
AST-9B 


AST-9A 

AST-9B 


AST-9A 

AST-9B 


D-9 
NN/D-10 


NN/D-11 
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set. This matrix included all the spacecraft left in each group that had 
not had a selection, listed for each category that was still open. Not 
included were any spacecraft from the life sciences or commercial groups, 
nor were any spacecraft included for which total data was not available. 

Also excluded was EO-3, the earth observatory satellite (EOS) which had 
been ground-ruled out of in the characteristic set. 

Step 7 - Select remaining spacecraft 

Step 8 - Check characteristic set 

Step 9 - Iterate back to Step 7 until check in Step 8 is satisfied - 
These three (and final) steps were carried out together. Several iterations 
were carried out to select the best possible choices for the characteristic 
set. The final selection for the characteristic set included the following 


spacecraft: 



Payload 

Number 

Payload Model 
Code Number 

Spacecraft 

HE-Ol-A 

AST-9B 

Large X-Ray Telescope Facility (LXRT) 

AP-Ol-A 

PHY-lB 

Upper Atmosphere Explorer (UAE) 

LS-02-A 

LS-1 

Biomedical Experiments Scientific 
Satellite (BESS) 

OP-04-A 

EOP-7 

Gravity Satellite (GRAVSAT) 

CN-51-A 

NN/D-1 

International Communications Satellite 
(INTELSAT) 

E0-56-A 

NN/D-8 

Environmental Monitoring Satellite (EMS) 


Table III-9 presents a summary of the spacecraft chosen for the 
characteristic set. The table shows how the characteristic set spans the 
entire range of categories used in the process of determining the charac- 
teristic set. The two lines at the bottom of the table give the number 
of spacecraft programs in the characteristic set for each category and 
the number of spacecraft programs in the maintenance applicable set for 
each category. In most cases, the ratios are approximately the same. 

3. Description of Spacecraft in Characteristic Set 

Figure III-6 presents a schematic showing the configurations of the 
six spacecraft selected for the characteristic set. The wide variety of 
sizes, shapes, and appendages of the six spacecraft are evident* The 
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Tab le III-9 Charaotevistia Set Summary 




WEIGHT, lb 

ATTI- 

TUDE 

BiHar 

w 

ON-ORBIT 

FLEET 

SIZE 

LIFETIME 

(years) 

NON- 

RECUR- 

RING 

COST 

RECL 

RING 

C0S1 

IR- 

FIRST 

LAUNCH 

DATE 

q; 

LU 

H- 

CQ 

Qi 

o 

o 

■=3 
1 — 

O 

O 

ITN 

CM 

V 

<Z) 

cz> 

o 

o 

1 

o 

o 

LT\ 

CM 

o 

8 

O 

A 

a. 

c/> 

CO 

X 

< 

r 

cr\ 


lT\ 

1 

CM 

1 


CM 

Al 

1 

r— < 

5^1 

S 

o 

o 

4ft- 

V 

s 

o 

o 

1— H 

4ft- 

Al 

4ft- 

V 

o 

IT\ 

4ft- 

i“H 

4ft- 

s 

o 

ITN 

A 

oo 

f 

& 

OO 

1 — t 

a! 

SPACECRAFT 

LARGE X-RAY TELESCOPE 
FACILITY (LXRT) 

X 

1 

1 


X 

1 

X 

1 

X 

1 

X 

1 

1 

1 

X 

1 


X 

1 

1 

X 

1 

X 

UPPER ATMOSPHERE EX- 
PLORER (UAE) 

1 

1 

X 

■ 

■ 

X 

1 

1 

X 

1 

X 

1 

1 

X 

1 

1 

X 

■ 

X 

1 

1 

X 

■ 

BIOMEDICAL EXPERIMENTAL 
SCIENTIFIC SATELLITE 
(BESS) 

1 

1 

X 

1 

1 



1 

1 

X 

1 

X 

1 

X 

1 

1 

X 

1 

X 

1 

1 

X 

1 

GRAVITY SATELLITE 
(GRAVSAT) 

1 

1 

1 

X 

■ 

1 

X 

X 

1 

■ 

1 

X 

1 

■ 

X 

1 

1 

X 

1 

X 

1 

X 

■ 

INTERNATIONAL 
COMMUNICATION 
SATELLITE (INTELSAT) 

1 

X 

1 

1 

1 

1 

X 

1 

1 

X 

1 

1 

1 

1 

1 

X 

X 

1 

1 

X 

1 

X 

1 

ENVIRONMENTAL 
MONITORING SATELLITE 
(EMS) 

1 

X 

1 

1 

1 

1 

X 

1 

1 

X 

1 

1 

1 

1 

X 

1 

X 

1 

1 

X 

1 

X 

1 

TOTAL CHARACTERISTIC 
SET 

3. 

3 

2 

3 

1 

1 

1 

1 

2 


1 

3 

1 

2 

3 

1 

1 

■ 

2 

3 

1 

5 

1 

APPLICABLE SPACECRAFT 

27 

22 

19 

17 

12 

Bl 


m 

22 

23 

m 

17 

6 

16 

17 

15 

21 

El 

a 

m 

m 

32 

17 






































































































Figure III-6 Configurations of Charaateristic Set 

checks used in Step 8 of the selection process helped to ensure that the 
characteristic set did form the best representation of the spacecraft in 
the maintenance applicable set. 

The characteristic set was used in several later steps in this study, 
mainly- to investigate more detailed interfaces between spacecraft and 
maintenance systems. In particular, it was used to investigate various 
modularization schemes for spacecraft. During and following the economic 
evaluation, more attention was paid to all of the spacecraft in the mainte- 
nance applicable set to ensure that the total economic effects of maintenance 
were evaluated. 

Table III-IO presents a summary of some important maintenance-related 
parameters for the six spacecraft in the characteristic set. The para- 
meters presented were mainly useful in the technical considerations of 
maintenance, although many of these same parameters were also considered 
under the economic evaluation of maintenance. 
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Table III-IO Spaaearaft Requirements , and Capabilities 


Spacecraft 
Requirements and 
Capabilities 

Spacecraft 

LXRT 

UAE 

BESS 1 GRAVSAT 

INTELSAT 

EMS 

Orbit 

Incl. - 0, 15, 

28.5 deg 

Apogee - 240, 250, 
260 n mi 
Perigee - 240, 

250, 260 n mi 
Delivery - orbiter 
Launch site - ETR 

Incl. - 70, 90, 
110 deg 

Apogee - 1800, 
1900, 2000 n mi 
Perigee - 100, 
140, 180 n mi 
Delivery - orbi- 
ter/tug 

Launch site - WTR 

Incl. - TBD, 
37.7, TBD 
deg 

Apogee-270 , 
300. TBO 
n mi 

Periqee-270, 
300, TBD 
n mi 

Deli very -orbi- 
ter 

Launch site- 
any 

Incl. -89. 9, 90, 
90.1 deg 

Apogee-159, 162, 
165 n mi 

Perigee-159, 162, 
165 n mi 

Delivery-orbiter 
Launch site-WTR 

Incl .- -0.1, 0, 
+0.1 deq 

Apogee- 19,298 
19,323, 19,348 
n mi 

Perigee- 19,298 
19,323, 19,348 
n mi 

Delivery-orbiter/ 

tug 

Launch site-ETR 

Incl .-102.43, 102.97, 
103.1 deg 

Apogee-890, 915, 940, 
n mi 

Perioee-880, 905, 

940 n mi 

Del ivery-orbi ter/tug 
Launch site - WTR 

Weight 

Total spacecraft 
weight, launch = 
21,877 lb; 
retrieve = 20,655 
lb; 

C&D equipment in 
orbiter = 265 lb 

Total spacecraft 
weight, launch = 
2,004 lb; 
retrieve = 1,618 
lb; 

C&D equipment in 
orbiter = 251 lb 

Total space- 
craft weioht, 
launch = 

5.000 lb; 
retreive = 

4.000 lb 

Total spacecraft 
weioht, 1aunch*= 
6,804 lb; 
retrieve*= 6,196 
lb; 

C&D equipment in 
orbiter = 100 lb 

♦weight given for 
two s/c, both 
launched on same 
f 1 i ght 

Total spacecraft 
weight, launch = 
2,090 lb; 
retrieve = 1,725 
lb; 

C&D equipment in 
orbiter = 100 lb 

Total spacecraft 
weight, launch = 
4,860 lb; 
retrieve = 4,833 
lb; 

CSD equipment in 
orbiter - 100 lb 

Current Defi- 
nition of 
Spacecraft 

Ground refurbish- 
able and on-orbit 
maintainable, 
capability to in- 
clude docking 
{but not shown 
in weight) 

Expendable, but 
capability exists 
to include dock- 
ing 

Ground refur- 
bishable, 
capability to 
include dock- 

Expendable, no 
current capa- 
bility for dock- 
ing 

Expendable, no 
current capabil- 
ity for docking, 
ing 

On-orbit maintain- 
able, capability 
to include docking 

Attitude 
■ Dynami cs 

3-axis stable 

Spinner 

Gravity 

gradient 

3-axis stable 

3-axis stable 

3-axis stable 

Spacecraft 
Conf i gurati on 

See Fig. II 1-6 

See Fig. II 1-6 

See Fig III-6 

See Fig. Hi-6 

See Fig. HI-6 

See Fig. HI-6 

Docking/ 

Capture/ 

Attachment 

Mechanisms 

Capability exists 
to include a 7-ft 
diameter x 1.5-ft 
long docking 
adapter of TBO lb 

Capability exists 
but none current- 
ly provided 


None 

None 

' 

Capability exists, 
but none current- 
ly provided 

Consumables 

1000 lb hydrazine, 
(propulsion), 

4 tanks; 

220 lb GN-, at 
least two*^ tanks 
(ACS) 

370 lb hydrazine 
(propulsion) , 

TBD tanks; 

15 lb hydrazine 
(ACS); TBD tanks 

Water 

Hydrazine 

Food 

304 lb GN, and 
NH3 system (ACS) 

TBD tanks each 
spacecraft 

365 lb hydrazine, 
4 tanks 

27.5 lb hydrazine 
(propulsion) TBD 
tanks ; 

TBD lb GNp (ACS) 
TBD tanks^ 

Constraints 
on Mainten- 
ance Concepts 

None 

None 

None 

None 

Waveguide con- 
nectors; radiator 
area alignment 
problems 

None 

Protective 

Covers 

Contamination 
and thermal 
protective 
cover 

Contamination 

protective 

cover 

Contamination 

protective 

cover 


None 

None 

None 

Safety 

Critical 

Items 

Cryogenics 
Heat Rejection 
capability of 
SSM 

Pressurized 
shell around 

Pyrotechnics 
NiCd batteries 

High-pressure 

bottles 

Momentum wheel 
Batteries 

Pyrotechnics 
Pressure Tanks 

Pressurized tanks 
Momentum wheels 
Batteries 
Pyrotechnics 


£Z^1T1 


I 




ance Concepts 



Protective 
Covers -- — 

Contamination 

and--thermal 

protective 

cover 

Contamination 

protective 

cover 

Contamination 

jrotective 

:over 

Safety 

Critical 

Items 

Cryogenics 
Heat Rejection 
capability of 
SSM 

Pressurized 
shell around 
payload 

Control moment 
gyros 
Batteries 

>yrotechnics 
NiCd batteries 

Constraints on 
Orientation 

Operating: tele- 
scope points to- 
ward space, solar 
arrays perpen- 
dicular to sun 
axi s 

Nonoperating; 
solar arrays 
perpendicular 
to sun axis 

> 

Acceleration 

Operating: lx 

lO- g 

Nonoperating: 

5g 

Operating: l.Og 

Nonoperating: 

15g 

Power Re- 
quirements 
and Capa- 
bilities 

Requirements, 
operating: 
Mission equip- 
ment; 

Peak: 905 w 
St. St.: 665 w 
Subsystems: 
Peak: 

St. St.: 
Requirements, 
nonoperating: 
Mission equip- 
ment; 

Peak: 

St. St.: 229 w 
Subsystems; 
Peak; 

St. St. : 
Capability: 
Peak: 1800 w 
St. St,: 1200 w 
Batteries: 

4.8 kW/hr 

Requirements, 
operating: 
Mission equip- 
ment: 

Peak: 62 w 
St. St.: 62 w 
Subsystems : 
Peak; 

St. St.: 
Requirements, 
nonoperating; 
Mission equip- 
ment: 

Peak; 

St. St. : 0 w 
Subsystems ; 
Peak: 

St. St.: 
Capability: 
Peak: 

St. St.: 200 w 
Batteries: 

40 amp-hr 

Data Require- 
ments and 
Capabilities 

Data require- 
ments, mission 
equipment: 
Science: 
4.465xl0^bps D 
3 Hz A 

Housekeeping: 
2.042xl0^bps D 
Command: 
1.024xl0^bps D 
Subsystems: 
Science: 
Housekeeping: 
Command: 

Data Capability: 
Storage: 287 
mbi ts 

Transmission: 
S-band, 5.12x 
10'*+lxl0®bps 

Data require- 
ments, mission 
equipment: 
Science: 
9.810xl0^bps D 
g.OSxlO-bps A 
Housekeeping: 0 
Command: 0 
Subsystems: 
Science: 
Housekeeping: 
Command: 

Data capability 
storage: 64K 
words 

Transmission: 

10 watt S-band 
5 watt UHF 





High-pfessure Momentum wheel 
bottles Batteries 


Pyrotechnics 
Pressure Tanks 


Pressurized tanka 
Momentum wheels 4 
Batteries 2 
Pyrotechnics “ 


Monoperating: nonel 
Operating: X-axis 

along velocity 
vector body solar 
arrays, no re- 
qui rements 


Operating: O.lg 
Nonoperating: 
3.5g 


Requirements, 
operating: 
Mission equip- 
ment: 

Peak: 

St. St. : 75 w 
Subsystems : 
Peak: 

St. St.: ■ 
Requirements, 
nonoperating: 
Mission equip- 
ment; 

Peak: 

St. St. : 
Subsystems; 
Peak; 

St. St.: 
Capability: 
Peak: 

St. St.: 325 w 
Batteries; 


Data require- 
ments, mission 
equipment: 
Science: 5bps D 
Housekeeping: 

Ik bps D 

Command: 48bps D 
Subsystems: 
Science: 
Housekeeping: 
Command; 

Data Capability 
Storage: 
Transmission 
S-bar.d IxlO^bps 


Nonooerating: so- 

lar arrays per- 
pendicular to 
sun axis 

Operati ng : earth 

pointing, +0.1 
deg about each 
axis 



Requirements , 
operating: 
Mission equip- 
ment; 

Peak; 

St. St.: 
Subsystems : 
Peak: 

St. St.: 

Total 

Peak: 

St. St. : 1000 w 
Requirements , 
nonoperating: 
Total : 

Peak: 

St. St.: 150 w 


Data require- 
ments, total 
1000 bps 


Operating; earth 
pointing for ex- 
periments OEO- 
011 and OE0-O12, 
solar array per- 
pendicular to 
sun axis 
Nonoperating; 
solar array per- 
pendicular to 
sun axis 


Operating: O.lg 
Nonooerating: 
3.5g 


Requirements , 
operating;- 
Mission equip- 
ment: 

Peak: 

St. St.; 219 w 
Subsystems : 

Peak: 

St. St.: 
Requirements, 
nonooerating: 

Mission equip- 
ment : 

Peak: 

St. St. : 

Subsystems: 

Peak: 

St. St.: 

Capability: 

Peak: 

St. St. : 589 w 
Batteries: 

20 amp-hr 


Data require- 
ments, mission 
equipment; 

Science: 

5.597x10 bps D 
Housekeepinq: 
20+TBD bps b 
.5 Hz 38 channel A 
Command : 

20+TBD bps D 
Subsystems; 

Science: 
Housekeeping; 
Command ; 

Data caoability 
Storage: 
Transmission: 
S-band 2xl0''bps 
X-band 2xl0®bps 











B. STS MAINTENANCE CAPABILITIES 


The current known capabilities of the STS, as related to maintenance, 
have been listed in this section. The various elements of the STS investi- 
gated in this section include the orbiter, the full-capability tug, and the 
ground support elements. The data was primarily obtained from the docu- 
ments listed in Chapter XI as Items D-1 to D-3, E-5 to E-8, and J-16 and 
-17. Although the STS will probably eventually include such elements as 
the tracking and data relay satellite system (TDRSS) , some form of an 
interim upper stage (lUS) and an earth orbital teleoperator system (EOTS) , 
data on the current capabilities of these systems are not as readily avail- 
able and have not been listed in this section. Considerations of the use 
of those elements are discussed in other chapters and sections of this 
report, and estimated capabilities are presented where required. 

Table III-ll presents a brief description of the types of data con- 
sidered for maintenance-related STS capabilities for the three STS 
elements investigated. Tables III-12, III-13, and III-14 present detailed 


T(d>le III-ll Maintenanae-Related STS Capabilities Summary 


PAYLOAD SIZE & HANDLING 
GUIDANCE & NAVIGATION 
ATTITUDE CONTROL SYSTEM 
TRACKING. TELEMETRY, & COMMAND 
ELECTRICAL POWER SYSTEM 
THERMAL CONTROL SYSTEM 
FLUIDS 
EVA/IVA 

SHUTTLE MANIPULATOR SYSTEM 
OPERATIONAL 
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ORBITER TUG GROUND SUPPORT 


XX X 

X X 

X X 

X X X 

XX X 

X X X 

X X X 

X 
X 

X X X 







STB 




Table III-12 Ovhitev-Maintenanoe Related Capabilities 


Category 

Capabilities 

Payload Size and Handling 

• Payload bay size - 60 ft x 15 ft diameter, 

less 7.7 ft for docking module, 
less 9:7 ft for QMS kits. 

• Payload attachment fittings “ twelve 3-point attachments and one 2-point 

attachment. All except the first three and 
last two are spaced 59 in. apart. 

• Active retention and release mechanism for the payload 

• Payload delivery - 65,000 lb to 100 n mi at 28.5 deg inclination. Other 

altitude, inclination, weight capabilities as shown in 
Chapter XI, Item D-2. 

• Payload return - 32,000 lb, maximum — other capabilities as shown in Chapter 

XI, Item D-2. 

Guidance and Navigation 

• Orbiter to payload - state vector, attitude, GMT, mission elapsed time, clock 

synchronization 

• Payload to orbiter - payload mounted sensor attitude information 

• Pointing accuracy - + 0.5 deg; + 0.01 deg per second 

Cooperative Target Passive Target 

t Rendezvous - Range 300 n mi to 100 ft 24 n mi to 100 ft 

Range Rate 1476 ft/sec to 0 492 ft/sec to 0 

Attitude Control System 

• Pointing capability - use RCS to meet pointing accuracy as defined above. 

Tracking, Telemetry, and 
Command 

: 

• Telemetry - attached pavloads-to-orbiter - 25k bps hardline data to orbiter 

- 256k bps data relayed to ground 
via wideband FM transmitter 

- released payloads-to-orbiter - S-band, phase modulation 16k bps 

TM only (unmanned payloads) 

- C&W interface provided from payload to orbiter. 

• Commands - orbiter-to-attached payloads - hardline, 2k bps, generated on 

board orbiter or relayed from 
ground, encoded and interleaved 
to provide total command rate of 
9k bps 

- orbiter- to-released payloads - same rate as attached payloads, 

S-band, phase modulation 

• Tracking - orbiter has the capability to track cooperative targets up to 300 

n mi and passive targets up to 12 n mi. 

• Telemetry and command range - 30 n mi 

• Video - orbiter provides capability to transmit video data time-shared 
with wideband payload data 

Electrical Power Systems 

• H 2 /O 2 fuel cell power plants 

• Can supply 1 kW average and 1.5 kW peak to payloads during all mission phases 

• Can supply 5 kW average and 8 kW peak to pavload during most orbital onera- 
tions mission phase 

• 50 kWH energy allocated to payloads 

• 28 vdc nominal, two wire, structure ground 



TM only (unmanned payloads) 

- C&W interface provided from payload to orbiter. 

• Commands - orbiter-to-attached payloads - hardline, 2k bps, generated on 

board orbiter or relayed from 
ground, encoded and interleaved 
to provide total command rate of 
9k bps 

- orbiter- to-released payloads - same rate as attached payloads, 

S-band, phase modulation 

• Tracking - orbiter has the capability to track cooperative targets up to 300 

n mi and passive targets up to 12 n mi. 

• Telemetry and command range - 30 n mi 

• Video - orbiter provides capability to transmit video data time-shared 
with wideband payload data 

Electrical Power Systems 

• H 2 /O 2 fuel cell power plants 

• Can supply 1 kW average and 1.5 kW peak to payloads during alZ mission phases 

• Can supply 5 kW average and 8 kW peak to oavload during most orbital ooera- 
tions mission phase 

• 50 kWH energy allocated to payloads 

• 28 vdc nominal, two wire, structure ground 

Fluids 

t Orbiter will provide capability to fill, vent, and drain oayload cryogenic 
propulsion systems with the payload installed in payload bay. 

• Payloads with earth-storable propellants shall be loaded before installing 
payloads in the payload bay. 

EVA/IVA 

• Consumables loaded for three, 2-man, 4-hour EVAs 

• Exterior lighting and interior liqhtino within orbiter bay provided 

• IVA maximum package envelope - 22 x 22 x 50 in. (unsuited) 

• EVA maximum package envelope - 18 x 18 x 50 in. (suited) 

• 40-in. diameter hatch 

Shuttle Remote Manipulator 
System 

• Stowed outside of 15-ft diameter x 60-ft payload bay 

• 570 in. (47.5 ft) maximum reach 

e 190 in. (15 ft 10 in.) minimum reach 

• Capable of deploying or retracting a 32,000 lb payload in less than 7 minutes 

• One arm provided charged to orbiter; second arm can be provided, but charged 
to payload 

• Capable of deploying or retrieving multiple (^5) payloads 

Thermal Control System 

• Average heat rejection capability dedicated to payloads 

Nominal - 3,400 BTU/hr 
Peak - 5,200 BTU/hr 

f Orbital operations (orbiter electrical power requirements <8kW) heat rejection 
capability dedicated to oayloads can be increased to 
Nominal - 11,250 BTU/hr 
Peak - 21,500 BTU/hr 

• Thermal attitude constraints 

t Payload heat rejection - accomplished by heat exchanger located in Freon 21 
loop of ATCS--water is the coolant fluid on the pavload side. Flow is 550 lb/ 
hour 

Operational 

• Shuttle system capable of launch within 24 hours of notification 

• system capable of launch from standby status within two hours, and to 
hold in standby status up to 24 hours 

• Shuttle system capable of on-pad payload chanqeout within an interval of 10 
hours, until T - 2 hours 


M 
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Table III-13 Tug-Maintenanae Related Chavaatevistios 


Category 


Capabil ities 


Payload Size and Handling 


Tug length - 30 ft; payload bay length remaining - 30 ft. Tug/soacecraft 
deployment/ release and attachment mechanisms included in Tua 30-ft length. 
Tug diameter - 176 in. (14 ft, 8 in.) 

Tug wet weight is 58,679; orbiter maximum delivery into orbit is 65,000 lb, 
allowing 6,321 pounds, spacecraft into 160 n mi. 


Tug payload weight capability 
from 160 n mi altitude to geo- 
synchronous altitude 
For deploy/retrieve of dif- 
ferent spacecraft, refer to 
Chapter XI, Item E-6 


Mission 


Deploy only 
Retrieve only 
Deploy and 
retrieve 
(60% apart 
in orbit) 
Deploy and 
retrieve 
(same lo- 
cation) 


Max. Weight 

7,926 lb 
3,396 lb 

2,070 lb 


2,500 lb 


Guidance and Navigation 


Attitude Corrt^''Ol System 


• Position and velocity accuracy, 2.7 n mi - Position; 16.4 fns - velocity 

• Placement Accuracy Geosynchronous Low Earth 

Orbit Orbit 


Position 


27 n mi 


5.4 n mi 


Velocity 

§ Stationkeening accuracy: 


32.8 fps 32.8 fps 

Longitudinal velocity, 0.1 - 10 fps 
Lateral velocity, 0.5 fps 
Angular misalignment, +10 deg 
Angular rate, 1 deg/ sec 

• Spacecraft insertion accuracy: Geosynchronous orbit 


Semimajor axis, +20 n mi 
Inclination, jjO.l deg 
Longitude, TBD 


Docking accuracy: 


Low earth orbit TBD 
Centerline miss distance, 0.1 ft 
Misalignment angle, 0-5 deg 

Constant velocity, 0.1 - 1.0 fps longitudinal 

0-0.3 fps lateral 

0 - 0.5 deg/s angul ar 


t 


Tug/spacecraft retrieval alignment (same as docking accuracy) 

Spacecraft attitude and rate accuracy (following deoloyment): 

Translational velocity, 0+ to 5.0 fns 
Attitude rates, jjl.l deg/sec 

Attitude, +2 deg 

Spacecraft pointing on tug - +0.2 deg 

Tug capable of acceotino spacecraft spin/despin device; tug will initiate 
device at spacecraft deploy/retrieve for spin rate £ 100 rpm 
Tug capable of providing any orientation or attitude reguired by spacecraft 
during tug/spacecraft operation 







Corifetant velocity s 


Attitude Control System 


Data/ Communi cati ons 


Electrical Power Systems 


Fluids 


Thermal Control System 


Operational 


.U TpS l Olip rtuu > 

0 - 0.3 fps lateral 

0 - 0.5 deg/s angular 


Tiia/snacecraft retrieval alignment (same as docking accuracy) 

Soa«r“ft anItSde and rate accuracy (following deoloyment) : 

' Translational velocity j 0+ to 5.0 fns 

Attitude rates, +0.1 deg/sec 

Attitude, 1? deg 

?SrcapaJ;T^orn"L??no1p;c??raft1pin/desplnd Initiate 

?rg'SpaJle^rfi;o:id^^^’ai;rfrUrt:tIo^ T? "attitude required by spacecraft 
during tua /soacecraft operation _ — 

n^ta link between spacecraft and tug bv hardline only 
?uS will be active element in spacecraft rendezvous/retrieval 
Orbiter will be active element in tug/spacecraft rendezvous 
Laser radar for rendezvous and dockino 
. Range - maximum 300 n mi 
nominal 50 n mi 

s-"5 T 

tua/orbiter rendezvous and retrieval operations begin ^ — 

Tug will have two fuel cells - 2 kW average power each; 3.5 k« peak oower each 

iSg shall'supplf ^a«craft™0o''to 600 watts from tug deplc.vment until tug 

?Srpower reouirements estimated to be 967 watts, average 

^^ilfLTl“r''°: a^fablfto1ot;^ug spacecraft while j^orbite^^aylo^ 

• Tug shall provide capability for spacecraft fill, drain, dump, pressurization, 

iSslS’SSiS 

fluid dump requirements for or biter payload bay sa fe^ 

rriTIli^rovide interconnects for spacecraft cooling in orbiter bay via 
cooling provisions of the orbiter 

: ?:grstotrirjjr^Sd"pSi^"rrcsr?rci 2 d?i!g^Un 21 ioo„, insulation. 

and heat pipes : — 

. Tun turnaround time = 258 work hours from orbiter landing _ 

. TU? mission '*"™tion |54 hours from ^enjoyment throug -tneva^^ 

• I^3dl^rspac:cr:rc;lrg^oS?)!“ta?;e^^^^ spacecraft enhemeris data to within 

• Tug capable'^ofTaunch from standby status “ithin two hours 
. mximuK standby in launch configuration is 24 hours 

! sLeline tug available for flights in December 1983 _ 
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TabZe III-14 Ground Support-Maintenance Related Cccpdbilities 


Category 

Capabilities 

Payload Size and Handling 

• Payload removal or installation with the orbiter in the vertical position 
only at the launch pad 

• Payload removal or installation with the orbiter in the horizontal position 
at all other locations 

• Pad access to pavload accomplished through the nayload doors or the orbiter 
crew .compartment 

• Shuttle system flight vehicle capable of turnaround in less than 160 working 
hours spanning 14 days 

• GSE stations involving payload and maintenance 

- Orbiter maintenance and checkout facility 

• orbiter and payload safing 

• payload removal and installation and interface verifi- 
cation 

• verification of orbi ter/payload communication 

- Launch oad station 

• prelaunch checkout 

• payload removal and installation 

- LRU maintenance station 

• maintenance, repair, test, analyses, acceptance, and 
packaging 

- Launch processing system station 

Data/Communi cations 

• Provisions supplied on pad for both RF and hardline (umbilical) interfaces 
between orbiter and GSE communications for orelaunch voice, TM, video, com- 
mand checkout 

Fluid 

■ Fluid interfaces to payload provided by GSE 

Thermal Control System 

• GSE ground thermal conditioning available within 30 minutes after touch- 
down for payload bay 

Operational 

• Installation and/or removal of OMS kits without impact to, or by, installed 
payloads 




descriptions of maintenance-related capabilities for the orbiter, tug and 
ground items, respectively. These types of items were used throughout the 
study to help assess economic and technical impacts of applying maintenance 
using elements of the STS. 

C. MAINTENANCE MISSION SCENARIOS 

In order to help evaluate maintenance concepts, mission scenarios 
were prepared for all the maintenance modes. Different scenarios were 
prepared for LEO missions, for HEO missions, and for certain MEO missions. 
These scenarios were used to help evaluate compatibilities between mainte- 
nance concepts and the STS elements, to help evaluate STS impacts, to 
obtain rough estimates of mission timelines, and to help determine feasi- 
bility of using various maintenance concepts with different spacecraft. 
Figure III-7 presents the baseline LEO maintenance mission where the 
shuttle orbiter can reach any spacecraft in LEO and can service it with 
any of the maintenance concepts of shuttle remote manipulator system 
(SRMS) , EVA, or an on-orbit servicer mechanism. Approximately 159 hours 
are available for maintenance activities. Figure III-8 presents a base- 
line HEO maintenance mission, also used on several MEO missions, where the 
tug takes the maintenance concept, in this case a servicer mechanism, to 
HEO, services the spacecraft, and then returns to the orbiter. Meanwhile, 
the orbiter can be conducting pallet experiments while the tug is away, 
or after it comes back. Approximately 100 hours are available for servicing 
activities and transfer between spacecraft. The third scenario (Figure 
III-9) presents an atypical m.ission, but one which may prove feasible in 
some cases. In this scenario, the spacecraft is in a medium orbit and one 
tug can retrieve the spacecraft, bring it down to the orbiter where it is 
serviced, replace the spacecraft in its correct orbit, and return to the 
orbiter. There were only 4 programs in the maintenance applicable set 
where this technique could be used, but it may warrant consideration for 
these missions. The last scenario (Figure III-IO) presents a mission which 
was considered, but dropped because of its potential high costs, as compared 
to all the other missions. In this mission, spacecraft in HEO are returned 
to the orbiter by one tug, serviced, and then replaced in HEO by a second 
tug which also requires a second orbiter flight. Although technically 
feasible, the costs of this mode do not warrant further consideration in 
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LOW EARTH ORBIT TYPE SPACECRAFT 


DEPLOY/ RETRIEVE SERVICER EVA 

SPACECRAF SRMS 


160 n mi 



RETRIEVE FOR 
GROUND 
REFURBISHMENT 






ESTIMATED TIME 
EVENT TOTAL 
(hr) (hr) 


1. SHUmE LAUNCH, OPEN ORB ITER CARGO BAY 3 
DOORS AND PERFORM INITIAL PAYLOAD 
CHECKOUTS 

2. DEPLOY SPACECRAF US I NG SRMS 1 

3. PERFORM FINAL SPACECRAFT FUNCTIONAL 1 1 

CHECKOUTS 

4. ORBITER AND CREW AVAILABLE TO CONDUCT 
LEO SPACECRAF MAINTENANCE ACTIVITIES 

A. ON-ORBIT SERVICER 

\ 159 

B. EVA [ 

C. SRMS 

5. RETRIEVE ONE OR MORE LEO SPACECRAFT FOR 
EARTH RETURN (PERFORM GROUND REFUR- 
BISHMENT) 


3 


4 

5 


164 



Figure III-7 LEO Maintenanae Mission 


HIGH EARTH ORBIT TYPE SPACECRAFT 





ESTIMATED TIME 



EVEIVT 

(hr) 

TOTAL 

(hr) 

1. 

TUG SEPARATES FROM ORB ITER AND TRANSFERS SERVICER 
TO HEO 

22 

22 

2, 

C 1 RCULAR 1 ZE TUG/SERVICER AT GEOSYNCH RONOUS, 
COAST AND ORBIT TRIM 

11 

33 

3. 

TUG/SERVICER RENDEZVOUS AND DOCKS WITH SPACECRAFT 

6 

39 

4. 

SPACECRAFT DEACTIVATION 

2 

41 

5. 

6. 

ORBITER AND CREW AVAILABLE TO CONDUCT PALLET 
EXPERIMENTS IN LEO-120 

SERVICER PERFORMS MAIMTENANCE ACTIVITIES BY PRE- 
PROGRAMMED DIRECTION AND/OR REMOTE MANNED 
GROUND CONTROL 




A. TIME AVAILABLE FOR SERVICING ONE SPACECRAFT 
'v'lOO 

— 

141 


B, AVERAGE TIME AVAILABLE FOR SERVICING ONE OF 
TWO''' 40 

-- 

-- 


C, AVERAGE TIME AVAILABLE FOR SERVICING ONE OF 

THREE 'Vis 

-- 

- 


7. 

SPACECRAFT ORIENTATION, ACTIVATION AND PRELIMI- 
NARY CHECKOUT 

1 

142 

8. 

TUG/SERVICER SEPARATION FROM SPACECRAFT ' 

1 

143 

9, 

FINAL SPACECRAFT CHECKOUT 

2 

145 

10, 

REPEAT STEPS 3 THROUGH 9 FOR ADDITIONAL SPACECRAFT 



11. 

TUG POS ITIONED FOR GEOSYNCHRONOUS DEBOOST AND 
TRANSFER OF SERVICER TO 170 n mi PERIGEE 

12 

157 

12. 

TUG CIRCULARIZES AT 170 n mi 

3 

160 

13. 

ORBITER RENDEZVOUS AND RETRIEVES TUG/SERVICER TO 
CARGO BAY 

_ 4 

164 


Figuve III- 8 HEO Ma'intenanae Mission 
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MEDIUM EARTH ORBIT TYPE SPACECRAFT 



(hr) (hr) 


1. TUG SEPARATES FROM ORB ITER, TRANSFERS TO, DOCKS 
WITH AND RETRIEVES MAINTAINABLE SPACECRAFT 
FROM MEDIUM EARTH ORBIT (MEO) 

2. ORB ITER AND CREW AVAILABLE TO CONDUCT PALLET EX- 
PERIMEI^S INLEO'^SO 

3. SPACECRAFT PLACED IN ORB ITER BAY USING SRMS 

4. SPACECRAFT POSITIONED AND PREPARED FOR MAHWE- 
NANCE 

5. SPACECRAFT MAIWTENANCE PERFORMED USING ONE OR 
MORE OF THE FOLLOWING: SRMS, EVA, AND ON-ORBIT 
SERVICER~32 

6. FUNCTIONAL CHECKS PERFORMED 

7. TUG/SPACECRAFT SEPARATION FROM ORBITER 

8. PERFORM SPACECRAFT FUNCTIONAL CHECKOUT 

9. TRANSFER TUG/ SPACECRAFT TO MEDIUM EARTH ORBIT 
AND DEPLOY SPACECRAFT 

10. FINAL SPACECRAFT CHECKOUT PERFORMED 

11. TUG DEPARTS FROM MEO TO 170 n mi PERIGEE, CIRCU- 
LARIZES AT 170 n ml AND IS RETRIEVED BY THE ORBITER 
FOR RETURN TO EARTH 


56 

56 

4 

60 

2 

62 

32 

94 

2 

96 

1 

97 

2 

99 

37 

136 

2 

138 

22 

160 


Figure Ill-Q MEO Maintenanoe Mission 
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1. 

TUG SEPARATION FROM ORBITER AND TRANSFERS, DOCKS 
AND RETRIEVES SPACECRAFT FROM GEOSYNCHRONOUS 
ORBIT 

56 

56 

2, 

ORBITER AND CREW AVAILABLE TO CONDUCT MAINTENANCE 
ACTIVITIES IN LEO- 100 



3. 

SPACECRAFT PLACED IN ORBITER BAY USING SRMS 

4 

60 

4. 

SPACECRAF POSITIONED AND PREPARED FOR MAINTENANCE 

2 

62 

5. 

SPACECRAF MAI NTENANCE PERFORMED USING ONE OR MORE 100 
OFTHE FOLLOWING: SRMS, EVA AND ON-ORBIT SERVICED 
-100 

162 

6. 

SPACECRAF FUNCTIONAL CHECKS PERFORMED 

2 

164 

7. 

SPACECRAF SEPARATED FROM TUG AND DEPLOYED BY 
SRMS 

2 

166 

8. 

SECOND TUG FROM SECOND ORBITER TRANSFERS TO SPACE- 
CRAF AND DOCKS 

4 

170 

9. 

TUG TRANSFERS SPACECRAF TO GEOSYNCHRONOUS ORBIT 
AND DEPLOYS 

36 

206 

10. 

TUG LOITER TIME OF UP TO no hr 

90 

296 

11. 

FINAL SPACECRAF CHECKOUT PERFORMED 

2 

298 

12. 

TUG DEPARTS FROM GEOSYNCHRONOUS ORBHTO 170 n mi 
PERIGEE, CIRCULARIZES AT 170 n mi AND IS RFRIEVED 
BY THE ORBITER FOR RETURN TO EARTH 

22 

320 


Figure HFO Maintenance Mission - Two Tugs 
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this study. The prime missions considered for this study involved the 
baseline orbiter and tug missions of Figures III-7 and III-8. 

D. FUNCTIONAL AND HARDWARE REQUIREMENTS 


In order to perform complete analyses of the maintenance concepts, it 
was necessary to identify the effects of the maintenance concepts upon the 
spacecraft, the STS, and other equipment. It was also necessary to know 
the requirements of the maintenance concepts upon the systems that will 
actually perform the maintenance. The work performed in this part of the 
study investigated the service mission phases for identified maintenance 
concepts and generated the requirements of the maintenance concept upon 
the servicing system, the STS (orbiter, tug, and ground support) and the 


spacecraft. 

This was performed by first Identifying the maintenance concepts 
(see below) and by then determining all the service mission phases for 
each concept. Twenty-four separate phases were identified for all of 


Ground refurbishment using the Orbiter 

Ground refurbishment using the Tug, or the Earth Orbital 
Teleoperator System (EOTS) 

Built-On 

Self -repair 

IVA 

EVA 

Shuttle Remote Manipulator System 
On-Orbit Maintenance from the Orbiter 
On-Orbit Maintenance from the Tug or EOTS 

The most phases employed in any one concept were 21. Table 
III-15 presents the maintenance mission phases. 

Functional requirements were then generated for each mission phase to 
account for all concepts. Eaqh separate functional requirement was then 
reviewed to determine the hardware or other cost requirements that it would 

I ■ ^ . 

impose on the servicing system, the elements of the STS^ and the spacecraft. 
To eliminate redundant work, requirements that were the same for more than 
one Concept were so identified. Table III-16 presents a typical example 
of the data generated on this task. 


I 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

the concepts. 
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Table III-15 Maintenance Mission Phases 


Servicer Mission Phases 


Premission 
Mission Preparation 
Prel aunch 

Orbiter Launch/Ascent 
Orbiter Orbital Operations 

Tup or EOTS/Servicer Checkout 
Tug or EOTS Deployment 
Tug or EOTS Orbit Transfer 
Tug or EOTS Orbital Operations 

Servicer Checkout 

Servicer Deployment (Preparation) 

Spacecraft Preparation for 
Servicing 

Rendezvous 

Docking (Attachment) 

Pre-EVA (IVA) 

EVA (IVA) Operations 
Servicing Operatidns 
Spacecraft Checkout 
Post-EVA (IVA) 

Undocking (Release) of Space- 
craft 

Spacecraft Preparation for 
Nominal Operation 

Tug or EOTS Return to Orbiter 

Tug or EOTS/Orbiter Rendezvous 
and Mating 

Orbiter Preparation, Reentry 
and Landing 

Post-Mission 


Appl icabil ity 


I II III IV V VI VII IVIII IX 


X X 


X X 


X X 


X X 



X X 


X X X X X X 


X X X 


X X X X 



















The data gathered under this task was used in the other tasks of this 
program to help analyze concepts, to help establish costs, to aid in the 
setting-up of the work breakdown structure (WBS) and to help establish 
timeline sequences. 


Table 111-16 Functional and Cost -Generating Requirements Table, Typical 



ON-ORB IT SERVIG 1 NO FUNCTIONAL REQU 1 REMENTS 

FUNCTIONAL 

REQUIREMENTS 

HARDWARE AND 

OTHER COST GENERATING REQUIREMENTS 



SJRVICER 

ARBITER 

TUG OR 
EOTS ■ 

SPACE- 

CRAFT 

GND 

SUPT 

OTHER 

1 APPLICABILITY 

1 

II 

III 

IV 

V 

VI 

VII 

VMI 

IX 

PROVIDE POWER TO 
SERVICER FROM CAR- 
RIER VEHICLE 

TRANSMIT AND RE- 
CEIVE TELEMETRY 
SIGNALS TO & FROM 
CARRIER VEHICLE 

hardwired 

ELECTRICAL 
POWER TRANS - 
MISSION 
EQUIPMENT, 
CORRECTORS 

SENSORS, DATA 

MANACEMEW 

EQUIPMENT, 

HARDWIRED 

INTERFACE 

CONNECTORS 

HARDWIRED ELEC- 
TRICAL POWER 
TRANSMISSION 
INTERFACE CON- 
NECTORS 

DATA RECEPTION 
& TRANSMISSION 
EQUIPMENT FOR 
SERVICER DATA, 
HARDWIRED 
INTERFACE 
CONNECTORS 

HARDWIRED ELEC- 
TRICAL POWER 
TRANSMISSION 
INTERFACE CON- 
NECTORS 

DATA RECEPTION 
& TRANSMISSION 
EQUIPMENT FOR 
SERVICER DATA, 
HARDWIRED IN- 
TERFACE CONNECT- 
ORS 




X 

X 

X 

X 

X 

X 

_ 

X 

X 

X 

X 



X 

X 

X 

X 

X 

X 

X 

X 

X 

X 


IV. MAINTENANCE CONCEPTS 


The selection of a maintenance concept is a primary study output and 
has received significant attention during the course of the study. The 
evaluations were made in a series of steps successively reducing the number 
of candidate systems so the selected ones could be addressed to a higher 
level of detail. 

The maintenance concepts evaluated in this chapter are shown in Figure 
IV-1. The major objective is to examine the concepts for technical feasi- 
bility and to provide a level of concept definition which is compatible 
with the needs for performing spacecraft interface analysis (Chapter V), 

STS impact analysis (Chapter VIII), cost generation and analysis (Chapter 
IX), and to select a recommended system (Chapter X). 

MAINTENANCE CONCEPTS 

, ^ ^ , 

EXPENDABLE ON-GROUND VISITING SYSTEMS 

EVA/IVA SRMS ON-ORBIT SELF-REPAIR 

SERVICERS BUILT-ON 


ORBITALLY MAINTAINED 

Figure IV-1 Maintenance Approaches 

Since there are such a large number of maintenance concepts, a realistic 
and valid comparison within limited resources is difficult. However, an 
effective time-saving approach was evolved which permitted a valid compari- 
son to be made. The approach involves two fundamental factors. First a 
critical grouping of similar concepts is performed at each of the concept 
levels. Then one concept of the group is chosen and carried forward in the 
analyses as representing the total group. The second important factor re- 
lates to working each level of comparison to a proper degree of detail. The 
degree of detail should be adequate to draw the conclusions required, but 
it should not go deeper and waste project time. 


The categorization system of Table IV-1 was developed so that greater 
confidence in the identification of all maintenance concepts could be 

Table IV-1 Maintenance Concept Categories 


•GROUND REFURBISHABLE 

• SELF CONTAINED 

BUILT-ON 

SELF-REPAIR 

•MANNED 

tVA 

EVA 

• SHUTTLE REMOTE MANIPULATOR SYSTEM 
•ON-ORBIT SERVICER 


obtained. It was important that all alternative maintenance concepts be 
identified and compared. The concept categorization is sufficiently gen- 
eral that any single concept should fit into the categorization and thus 
have been effectively evaluated in this study. It provided a method for 
grouping similar concepts by system characteristics such as operational 
utility, functional capability and hardware utilization. It also permits 
the grouping of similar concepts together so that a single concept can be 
used to represent the group. This approach will permit evaluation of all 
concepts to a greater depth than would be possible individually. The three 
basic advantages of this approach include the capability to represent simi- 
lar concepts by a single concept, provide a tracing capability for every 
concept from its original source to its eventual disposition with support- 
ing rationale, and provide a flow structure by which new concepts identi- 
fied in later tasks may be grouped, compared, and evaluated on a consistent 
basis . 

Note that the categorization system does not relate concepts to the 
elements of the transportation system (orbiter, tug, or free flyer). 

These effects are expressed in terms of STS impacts. Note also that the 
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control mode (automatic, remotely manned, manned) is not v'.ncluded in the 
categorization. Man's direct presence is only involved in the on-orbit 
operations associated with IVA and EVA. The shuttle remote manipulator 
system is nominally to be operated in a remotely manned mode. All the other 
maintenance concepts, including the deployment and retrieval activities 
associated with ground refurbishment, can be operated automatically or 
remotely by man. 

Our approach is illustrated in the subtask interrelationships and flow 
shown in Figure IV-2. In Section A a top level look at the complete field 



SRMS 


F-iguve IV-2 Ma-intenanoe Conoeyt Evaluation Flow 

of candidate maintenance concepts is performed. There are four outputs of 
this section. The expendable and ground refurbishable modes are defined for 
use in other tasks. Fifteen on-orbit servicer conceptual designs are identi- 
fied for a categorizing and comparative evaluation in section B which results 
in the selection of two on-orbit servicers: pivoting arm (TRW), and general 

purpose manipulator (MDAC) . These two servicers are evaluated to a greater 
level of detail (Section C) , where the pivoting arm is recommended as the 
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best on-orbit servicer and is recommended to represent the total field of 
on-orbit servicers in further evaluations. 

Finally, in section P the pivoting arm on-orbit servicer, EVA and SRMS 
maintenance concepts are compared for operation in low earth orbit. This 
last section concludes that these three maintenance cpncepts are all tech- 
nically feasible. Advantages and disadvantages of each are compared. 

Several significant equipment areas are identified which can affect cost 
comparisons performed in Chapter IX. The significant equipment impact 
areas are: 

(1) Spacecraft man-rating for EVA, 

(2) Additional support structure for large spacecraft for EVA and 
SRMS maintenance (weight, stowage and operating volumes) , and 

(3) Addition of a module exchange capability to the SRMS (positional 
accuracy and manipulator degrees of freedom) . 

A. CANDIDATE MAINTENANCE CONCEPT IDENTIFICATION AND PRELIMINARY EVALUATION 

The candidate maintenance concepts are shown in Figure IV- 1. The con- 
cepts listed represent the totality covered in the literature with the 
exception that fifteen on-orbit servicers (Table IV-2) have been identified. 

Table IV-2 Field of On-Orbit Servicers 


1. MDAC DIRECT ACCESS 

2. AEROSPACE CORPORATION 

3. BELL AEROSPACE CARTES I AN COORD I NATE 

4. R I UOP A (EXTERNAL) 

5. PIVOTING ARM TYPE 

A. Rl UOP B {INTERNAL) 

B. MSFC 

C. TRW 

D. BELL AEROSPACE CYLI NDRICAL COORDINATE 

6. GENERAL PURPOSE MANIPULATOR TYPE 

A. Rl GEOSYNCHRONOUS PLATFORM 

B. MDAC EXTERNAL 

C. MMC GENERAL PURPOSE 

D. GEAGOES BOOM 

7. SHUULE CARGO BAY ONLY 

A. MSFC SHUULE MODULE EXCHANGE 

8. Rl EOS 

C. SPAR/DSMAEOS ___] 
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A description of each servicer and a top level evaluation are contained in 
the next section. As the table shows, a first grouping of the servicers was. 
performed to aid in the evaluation process. This grouping is reviewed in 
the next section as more servicer details are introduced. 


The expendable and ground refurbishable maintenance modes require very 
little technical definition. The methods of design and on-orbit functioning 
of expendable spacecraft has been established and verified over a consid- 
erable number of years. The ground refurbishable maintenance mode basically 
requires the addition of retrieval capability to an expendable spacecraft. 
The advantages and disadvantages for ground refurbishable maintenance are 
listed in Table IV-3. There are not any technical feasibility questions. 
Both the expendable and ground refurbishable maintenance modes are 
investigated for cost impacts in Chapter IX. 


Table IF-S Ground Refurbishment Maintenance Concept 


DESCRIPTION 


THIS CONCEPT UTILIZES THE STS TO RETRIEVE AND RETURN TO EARTH THE SPACECRAFT 
FOR A COMPLETE REFURBISHMENT OR MAINTENANCE ACTIVITIES. ______ 


ADVANTAGES 


MINIMUM MAINTENANCE MODIFICATION REQUIRED TO SPACECRAFT DESIGN. 

THE SPACECRAFT CAN BE REFURBISHED TO A LIKE-NEW CONDITION. 

THERE IS NO NEW GSE DEVELOPMENT FOR GROUND MAINTENANCE. 

NO REQUIREMENTFOR SPECIAL MODULE MOUNTING; FAULT DETECTION, ISOLATION, AND 
' VERIFICATION EQUIPMENT; SERVICI NG MECHANISMS; RESTRAINTS SYSTEMS, ETC. 
CAPABILITY TO REPAIR/ REFURBISH AND CHECKOUT OF EQUIPMENT THAT CANNOT BE 
DONE ON-ORBIT. 

UPDATE SPACECRAFT CAPABILITIES. 


DISADVANTAGES 


SPACECRAFT MUST BE COMP ATI BLE WITH RETRIEVAL OPERATION. 

TWO SHUTTLE LAUNCHES TO ACCOMPLISH MAI NTENANCE TASK, ONE TO RETR.1VE AND ONE 

TO RELAUNCH SPACECRAFT. ron.n 

MAINTAIN A REPAIR FACILITY ON THE GROUND WITH ALL THE SPECIAL HANDLING EQUIP- 
MENT AND REPLACEABLE MODULES/COMPONENTS. 

DOWNTIME IS GREATER FOR THIS CONCEPT THAN ANY OTHER CONCEPT. 

EQUIPMENT THAT IS NOT REPLACED MUST GO THROUGH A RE-ENTRY AND ANOTHER LAUNCH 
ENVIRONMENTWHICH PLACES ADDITIONAL STRESS ON THE EQUIPMENT. 

EQUIPMENT WHICH IS DEPLOYED FOR OP’ERi^TI ON REQUIRES EITHER A RETFACTIONOR 
DROP-OFF CAPABILITY PRIOR TO FAITH RETURN. ____________ 


CONCLUSIONS 


THE ADVANTAGES OFFERED BY THIS CONCEPT PROVISE A HIGHER LEVEL OF REFURBISH- 
MEf\IT THAN ANY OTHER MAINTENANCE CONCEPT REVIFWED, HOWEVER THE DISADVAN- 
TAGES ARE ALSO COSTLY. THEREFORE, THIS CONCEPT SHOULD BE FURTHER INVESTIGATED 
FOR SPECIAL CASES. ■ 
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The results of our investigation of built-on and self-repair mainten- 
ance concepts are summarized in Tables IV-4 and IV-5, respectively. The 
built-on concept maintains a spacecraft in an acceptable operational 

Table IV-4 Built-On Maintenance Concept 


DESCRIPTION 


THIS CONCEPT WILL MAINTAIN A SPACECRAFT IN AN ACCEPTAB' E OPERATIONAL 
CONDITION FOR THE DURATION OF A MISSION WITHOUT PHYSICAL ASSISTANCE 
FROM ANY OTHER SOURCE SUCH AS THE STS BY USE OF A BUI T-ON SERV^^^^^ 
MECHANISM AND THE EXCHANGE MODULES STORED I N THE SERVICER 


ADVANTAGES 


NEAR CONT I NUOUS OPERATI ONAL CAPAB I LITY. 

^^^UTTLE LAUNCHES OR DOCKING PROVISIONS NEEDED EXCEPT 
WHERE SPACECRAR RETRIEVAL IS REQUIRED. 


DISADVANTAGES 


SEPARATE SERVICING MECHANISM FOR EACH SPACECRAFT I NCLUD- 
CAD ISOLATION, AND VERIFICATION EQUIPMENT OF TELEMETRY 

FOR GROUND DIAGNOSIS AND VERIFICATION, 

CANNOT BE UPDATED WITH NEW EQUIPMENT. 

COMPLEXITY OF THE MECHANICAL EQUIPMENT 
REWIRED TO PERFORM THE MAI NTENANCE FUNCTIONS AND STORAGE REQUIR^ 

REQUIRES TAKING REPLACEMENT MODULES FOR MODULES THAT MAY NOT FAIL, 
CANNOT COMPENSATE FOR MODULES THAT HAVE DESIGN FAILURES. 

HIGH COST, WEIGHT, VOLUME, AND PO WER. 

CONCLUSION ' ~ ^ 


THE SAME GOAL OF THIS CONCEPT CAN BE ATTAINED THROUGH SIMPLE REDUN- 
““““ ® SaiABIllTY, AND REDUNDANCY IS CoT 
SIDEREO A SPACECRAFT DESIGNERS PROBLEM. 

EVEN THOUGH ELIMINATION OF ADDITIONAL SHUTTLE LAUNCHES IS A CON- 
SAVINGS, THE DISADVANTAGES ARE OF A MAGNITUDE THAT 
DOES NOT WARRANT FURTHER INVESTIGATIONS. 


condition for the duration of a mission w/thout physical assistance from 
any other source such as the STS by use of a built-on servicing mechanism 
and the exchange modules are stored in the servicer. The self-repair 
concept consists of a built-on module exchange mechanism and the capability 
to repair the failed module by a remotely manned mechanism within the space 
craft. Many of the disadvantages for both these concepts are similar and 
are very significant. Each spacecraft has its own servicer mechanism with 
associated weight, volume, reliability, and cost penalties. The offsetting 
advantage is no additional servicing launches. It was concluded that this 
does not offset the disadvantages and that the built-on and self-repair 
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Table IV-5 Self-Eepair Maintenance Concept 


DESCRIPTION 


THIS CONCEPT CONS I STS OF A BUILT-IN MODULE EXCHANGE MECHANISM AND THE 

WmirTHEVp^E^a ' '' “"ED-REMSEclrSM 


ADVANTAGES 


NEAR CONTINUOUS OPERATIONAL CAPAB ILITY. ~ 

SrS^R^R^fR^ 

SeTowoSs^^^ ^ ™ 

HARDWARE™"^ APPLICATION OF STANDARDIZED COMPONENT 

PROVIDE REPAIR FOR THE LEVEL AT WHICH FAILURES HISTORICALLY OCCUR. 


DISADVANTAGES 


ilS r vX,'s 

NO MEANS TO UPDATE WITH NEW EQUIPMENT, 

Ji'i mrS'rn COMPLEXITY OF THE MECHANICAL EQUIPMENT RE- 

QUIRED to perform MAINTENANCE FUNCTIONS AND STORAGE REQUIREMENTS. 

NO MEANS TO COMPENSATE FOR DES I GN FAI LURES THAT MAY OCCUR, 
THAtSVnoTFAI™'*^^^ replacement MODULES AND COMPONENTS 

TENAnSuNCTiS VOLUME REQUIREMENTS TO PERFORM MAIN- 


CONCLUSION 


ELIMINATION OF ADDITIONAL STS LAUNCHES WOULD BE A 
CONSIDERABLE COST SAVINGS, THE DISADVANTAGES ARE OF A MAGNITIIDF 
THAT DOES NOT WARRANT FURTHER INVESTIGATIONS OF THIS CONCEPT. 


"aintenance concepts did not warrant further investigation. . 

The m maintenance concept utilises man within a pressurized ccmpart- 
to accompUsh the task of performing the servicing activities on a 
Visrtrng basts tn a low earth orbit. The level of repair could be at the 
module or component exchange level depending on the overall concept This 
concept most nearly represents a ground maintenance concept on-orbit with 

-n-tn-the-loop. It has been demonstrated in previous space missions that 

man can accomplish tasks in a qnaMai 

^ environment with nearly the same 

cy as on the ground. There are some inconveniences such as provid- 

ng restraints for the man and tobls/equlpment, but these are not considere 

constraints. The largest cost factor is providing the life support systems 

end the resulting additional launch weight for the spacecraft or the Lpa^ 
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facility xn the cargo bay of the orbiter. The most benefit is derived by 
having man in a position to evaluate the condition and perform the required 
maintenance, which may be different than what was diagnosed prior to the 
maintenance launch. The advantages and disadvantages of IVA maintenance are 
suimi.arized in Table IV-6. Spacecraft design information indicates that this 
type of system would have limited applicability. Thus, it was concluded that 
IVA maintenance did not warrant further investigation. 

Table IV~6 IVA Maintenanoe Concept 


ADVANTAGES 

MAN AT THE SITE HAS BENEFITS THAT COMPARE TO ON THE 
GROUND REPAIR. 

CONFIGURATION AND ORIENTATION ARE NOT AS CRITICAL 
AS REMOTE OR AUTOMATIC OPERATIONS. 

MAN HAS THE ABILITY TO WORK AROUND SITUATIONS 
WHERE MECHANISMS WOULD FAIL, 

MAN PROVIDES GREATER DEXTERITY AND COGNITIVE CAPA- 
BILITIES. 

MAN IS AVAILABLE ON LOW EARTH ORBIT SHUTTLE FLIGHTS. 
DISADVANTAGES 

LIMITED APPLICABILITY TO SERVICING THE MANY ANTICI- 
PATED SPACECRAFT. 

HIGH COST ASSOCIATED WITH PROVIDING THE LIFE SUP- 
PORT SYSTEMS„ 

HIGH COST TO PROVIDE RELIABILITY REQUIRED FOR MANNED 
. MISSIONS. 

MUST BRING SPACECRAFT INTO A LIFE SUPPORTABLE EN- 
VIRONMENT; PRESSURIZE SPACECRAFT; OR PROVIDE 
GLOVEBOX DESIGN COMPATIBILITY. 


In summary, the expendable and ground-refurbishable concepts were 
accepted for further evaluation and cost considerations, the built-on 
and self-repair concepts were not further considered, the IVA concept was 
deemphasized and blended into EVA, the EVA and SRMS concepts were carried 
to section D, and the on-orbit servicers are discussed in section B. 
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B. ON-ORBIT SERVICER EVALUATIONS 


This section describes the processes by which the 15 servicer concepts 
leble IV— 2 were cntegorized xnto seven msjor groups. Subsecjuently , e 
selection was made of two servicer concepts for detail evaluation in 
section C. The two servicer concepts selected for expanded consideration 
are the pivoting arm and the general purpose manipulator. 

Servicing mechanisms evolved under contemporary studies have involved 
methods of moving a module a few feet from the spacecraft to the servicer 
stowage rack, the precept being that if the task were so limited, then the 
device should be much simpler than the versatile general purpose manipula- 
tors employed for so many terrestrial applications. The fact is that the 
modules still must be moved in and out, rotated, indexed and positioned in 
varying degrees; and the result is the simplest mechanisms still require 
about four degrees-of-freedom plus end effectors for latching and unlatch- 
ing. Many of the proposed devices are found to be more complex and heavier 
than a general purpose manipulator and at the same time are limited in 
versatility. 

Most of the module exchange devices proposed to date are limited in that 
the working range allows servicer module stowage and spacecraft module loca- 
tion on the end only, outer ring facing aft only, or outer ring facing out- 
board only. If module location is limited to the center or end of the 
spacecraft, the spacecraft design may not be greatly compromised. A modu- 
lar spacecraft allows for good subsystem grouping and thermal control with 
end located modules. Other spacecraft not yet in the planning stage may 
not be as easily arranged, particularly if replaceable earth pointing in- 
struments are involved, and must maintain continuous operation. 

Thus, the issues involved are highly interrelated but involve charac- 
teristics and requirements of spacecraft interfaces, a servicing mechanism, 
a space replaceable module stowage Tfack, and carrier vehicle capabilities. 

It was decided to identify potentially effective candidates among the 
various servicer concepts which deserve the focus of study resources to 
conduct equitable and meaningful economic evaluations. 
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A set of screening criteria has evolved, based on a definition of most 
of the desirable requirements of spacecraft servicing devices. These 
criteria, which evolved into design guidelines for servicing economy, were 
useful for assessing impacts to spacecraft design necessary to realize 
potential benefits of on-orbit servicing. For this evaluation, however, the 
screening criteria are employed as a metric to maintain consistency in the 
competitive technical evaluation of the many servicer mechanisms. These 
screening criteria have been useful in the process of comparing each pro- 
posed spacecraft servicer for technical excellence in its implied design, 
a necessary initial step to identify the more desirable servicers in view 
of an eventual application to the entire mission model. 

1. Mechanism Evaluation Approach 

On-orbit servicers have been evaluated with the objective: to review 

and analyze all previous studies of on-orbit servicing and to reduce this 
variety to a manageable number of servicer concepts that retain all valid 
options. 

Of the three major elements of the space-borne equipment (servicer 
mechanism, storage rack, and programmer), the literature- search and prelim- 
inary considerations led us to emphasize the servicer mechanism. The 
literature available had little or no data on the programmer, and the pro- 
grammer can be readily designed to accommodate any servicing requirements. 

The third space-borne element, the stowage rack, in general can also be 
reconfigured to better satisfy the servicer requirements, so it was only 
considered where there were definite limiting factors. The evaluation 
approach thus emphasizes the alternative servicer ‘mechanisms . 

As this evaluation was the first step in a larger evaluation, we care- 
fully examined a broad set of evaluation criteria and selected those which 
are most applicable to the level of detail available for use, and to a 

I 

first evaluation. 

The servicer mechanism evaluation approach followed the flow shown in 
Figure IV-3 leading to the evaluation and selection of those mechanisms to 
be further studied. Fifteen servicer mechanisms were identified in the 
literature which were reduct'^d to seven by the similarity discussions. Over 
85 references were reviewed for data applicable to this study. Some of these 
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ESTABLISH GROUND RULES 
AND SCREENING CRITERIA 



Figure IV-3 Servicer Mechanism Evaluation Flow 

provided detailed data on servicer mechanisms. The seven studies of Table 
II-l were reviewed for broader considerations, the servicer evaluation , 
criteria, candidate functional guidelines, and candidate design guidelines. 
These factors are Introduced in the paragraphs below. The seven studies 
are the most recent work for the important continuing servicing studies 
and present their current conclusions. The data and results of the prior 
studies were used to identify direction, and provide data and methodology 
for this study. The various items were analysed, cross-checked between 
studies, and verified before being Incorporated in the study conclusions. 

^ — Servicer Mechanism Data SnnrrAc 

This section identifies the data sources used to obtain data on the 

various servicer mechanisms proposed in the literature and groups similar 
machanisms together. 

A formalNASA literature search and a Defense Documentation Center 
report bibliography provided few useful references. However, a 1973 Navy 
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Space Systems Activity conference report and the 1973 Proceedings of the 
Second Conference on Payload Interfaces supported by McDonnell-Douglas 
Astronautics Company led to most of the active organizations and their 
orbital maintenance concepts. A partial data deficiency was uncovered at the 
first quarterly review. It was found that a number of . additional references 
with regard to the GSFC module exchanger mechanism for the earth observation 
satellite were available. 

Over 85 useful references were located. From this, 15 servicer mechan- 
isms were identified. Generally, the ' references discussed the mechanism and 
the stowage rack. There was little Information on the rest of the mainten- 
ance concept; e.g., space-borne programmer, logistics computer, maintenance 
center, interfaces with the user community, or module refurbishment philoso- 
phy. Several of the references included evaluations of four to eight 
servicer mechanisms. These references identified the criteria used for the 
comparative evaluations. Other references listed the advantages of particu- 
lar mechanisms. These advantages were considered as possible screening 
criteria. The variety of mechanism designs and the differences in evaluation 
criteria uncovered imply that the design of a module exchanger to meet the 
requirements of the total maintenance applicable mission model is difficult. 

The fifteen servicer mechanisms identified are listed in Table IV-7 by 
reference to the originating organization with modifiers as necessary. The 
primary references are indicated in parenthesis in the table as item numbers 
from Chapter XI. In several cases, supplementary data from other sources 
were also used. 

Several organizations have suggested more than one servicer mechanism. 
The mechanisms have also been grouped where the alternative concepts are 
functionally similar. In this way, the number of concepts have been reduced 
to permit greater depth of detail in the next level of evaluation with no 
loss of valid approaches. This approach extends the maintenance concept 
categorization technique to the servicer mechanism level. 
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Table IV-7 Sevvieer^ Mechanisms 


MDAC DIRECT ACCESS (K-8) ' 

AEROSPACE CORPORATION (F-19) 

BELL AEROSPACE CARTES IAN COORD I NATE (IC-1) 

Rl UOP A (EXTERNAL) (M-I3) 

PIVOTING ARM TYPE 

A. RI UOP B (INTERNAL) (M-13) 

B. MSEC (E-4) 

C. TRW(N-14) 

D. BELL AEROSPACE CYLINDRICAL COORDINATE* 
GENERAL PURPOSE MANIPULATOR TYPE 

A. Rl GEOSYNCHRONOUS PLATFORM (M-6) 

B. MDAC EXTERNAL (K -2) 

C. MMC GENERAL PURPOSE (J-2) 

D. GE AGOES BOOM (KM) 

SHUTTLE CARGO BAY ONLY 

A. MSFC SHUTTLE MODULE EXCHANGE (K-1) 

B. Rl EOS (K-l) 

C. SPARfDSMA EOS (0-1) 


r*INFORMAL COMMUNICATION from DR. G. GORDON OF 
COMSAT LABS. SEPTEMBER 1974. 


Mechanic.. 

.... .. . ~ ....... 

I'abU lV-8 Ground Rules for Screening of Servicer Mechanisms 


SPACECRAFT DES I^ED TO BE SERVICEABLE ' 

MODULE EXCHANGE ONLY 



Mechanisms would only be evaluated against spacecraft that were designed 
to be serviceable. This ground rule was suggested by the study Request for 
Proposal and is consistent with the approach of all of the servicer mechan- 
ism references. The primary on-orbit servicing activity would be module 
exchange. This is consistent with all of the references. All modules are 
assumed to look alike as far as the servicer mechanism is concerned so that 
different end effectors need not be considered at this point. 

Each maintainable spacecraft can be configured so that all modules can 
be located on one or two separate docking faces or in one or two adjacent 
tiers. The ground rule is consistent with the results of all of the refer- 
ence documentation. For the seven prior studies referenced above, all of 
them stated that it was definitely possible to configure an on-orbit main- 
tainable version of their reference spacecraft to the level of definition 
of their study. 

Large antennas and solar panels are assumed to have long life and high 
reliability and, therefore do not need replacing. Again this rule is con- 
sistent with the referenced studies. If an antenna has a moveable feed or 
if oome of its components, to be located in the antenna feed area, are not 
reliable enough, then they can be designed as a space replaceable module. 

The solar panels are usually sized to meet the lifetime and reliability 
requirements and need not be replaced. There may be a need for replacement 
of solar panel drive motors and concepts for their on-orbit replacement have 
been advanced. 

The original approach was to identify a set of servicer requirements 
from an evaluation of the maintenance applicable spacecraft. Elements were 
typically to be: functional requirements as in Table IV-9, number of modules, 

module size, module weight, module location, applicability to many carrier 
vehicles, and ability to service multiple spacecraft. However, a preliminary 
review of the servicer concepts showed that many of the mechanisms would be 
needlessly rejected if they were strictly compared to a set of performance 
requirements. Thus, this approach was adjusted so that it did not unduly 
penalize servicer concepts that had been designed for a limited set of space- 
craft or for a particular set of ground rules. Recognition was given to the 
fact that most of the concepts can be reconfigured or rescaled or hqve func- 
tions added to meet given performance requirements. From the original set 


Table IV-9 Representative On-Orhit Serviaer Functional Requirements 


SERVICER SYSTEM FUNCTIONS; 

PROVIDE POWER TO SERVICER FROM CARRIER VEHICLE. 

TRANSMIT AND RECEIVE TELEMETRY SIGNALS TO AND FROM 
CARRIER VEHICLE. 

TRANSFER STRUCTURAL LOADS FROM SPACECRAR TO CAR- 
RIER VEHICLE. 

THERMAL COI\nTROL OF MODULES. 

DO NOT I NH IB IT OPERATION OF SPACECRAFT OR CARRIER 
VEHICLE THERMAL CONTROL SYSTEM. 

DO NOT INHIBIT OPERATION OF SPACECRAFT MISSION 
WHEN SERVICING IS COMPLETE 

PROGRAMMER FUNCTIONS; 

COMMAND MECHANISM TO POSITION AT ANY FAILED OR 
REPLACEMENT MODULE. 

AUTOMATIC SEQUENCING OF MODULE EXCHANGE. 

PROVIDEOBSTACLE AVOIDANCE (ANTENNAS, ARRAYS, ETC). 

MONITOR SERVICING PROCESS. 

ACCEPT AND EXECUTE COMMAND SIGNALS FROM CARRIER 
VEHICLE. 

MECHANISM FUNCTION; 

PROVIDE CAPABILITY TO REACH ALL MODULES. 

ATTACH TO AND RELEASE ALL MODULES. 

TRANSPORT MODULES TO DESIRED LOCATIONS. 

PLACE AND WITHDRAW ALL MODULES. 

PROVIDE TEMPORARY STOWAGE WHILE EXCHANGING. 

OPERATE MODULE LATCHES. 

STOWAGE RACK FUNCTIONS; 

PROVIDE MODULE STOWAGE (ALL MODULES FOR ONE OR 
MORE SPACECRAFT). 

OPERATE MODULE LATCHES (ALTERNATE APPROACH). 

PROVIDE INDICATION OF MECHANICAL LATCHING/ 
UNLATCHING. . 

POSSIBLE BACKUP fUNCTIONSs 

REOU NDANT MeSULE ATTACHMENT AND RELEASE. 

MANUAL SEQUENCING OF MODULE EXCHANGE. 


of servicer performance requirements, we set to one side those which could be 
reasonably accommodated by servicer design. The others were incorporated 
into the screening criteria of the next Section. The servicer mechanisms 
were then compared against each other for these criteria. 
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The following aspects were believed to be applicable to most servicer 
concepts and could be evaluated independently of the servicer mechanism; 
programmers, control systems, electrical interfaces, end effectors, attach- 
ments, and backup modes. Emphasis in the evaluation was on a comparison of 
the servicer mechanism used to move the modules. 

4. Mechanism Screening Criteria 

This paragraph develops the criteria tb be used in the top level screen- 
ing of the servicer mechanisms. The evaluation factors established in this 
study and from a literature review were combined into Table IV-10. It lists 
the factors selected for the top level screening. The final concept might 
well be the one which achieves the best balance between maximum simplicity 
and maximum versatility. Certainly for a much used and important system 

Table IV-10 Factors for Servicer Mechanism Screening 


MISSION OPERATIONAL FACTORS 


MECHANISM SHOULD BE USABLE ON MANY CARRIER VEHICLES 
CLASS OF SPACECRAFT PROGRAMS TO WHICH MECHANISM APPLIES. 
MULTIPLE SPACECRAFT MAI IVTENANCE. 


MECHANISM OPERATIONAL FACTORS 


OPERATIONS TIME. 

SPACECRAFT MULTIPLE FACE ACCESSIBILITY. 

CONSTRAINTS ON NUMBER, SIZE, LOCATION, AND ORDER OF EXCHANGE 
OF MODULES. 

DOES MECHANSIM OPERATE LATCHES. 

PROVISION FOR TEMPORARY MODULE STORAGE. 

MECHANISM CHARACTERISTICS 


WEIGHT (MECHANISM RACK, DOCKING DEVICE, ADAPTER). 
LENGTH (MINIMUM FOR CARGO BAY STOWAGE). 

POWER REQUIRED. 

ANCILLARY EQUIPMEKfT REQUIRED. 

VOLUME. 

COMPLEXITY (I.E., UNRELIABILITY). 

REQUIRES ADVANCEMENT OF STATE-OF-THE-ART. 

EFFECTS OF STRUCTURAL FLEXIBILITY. 

EXCHANGE FORCE REQUIRED.'' 



such as the servicer mechanism, especially in geosynchronous orbit, 
having a simple system with inherent high reliability is highly desirable. 

Yet the mechanism must not be too restrictive on the spacecraft designer. 

The spacecraft designer is faced vrith a great many important decisions and 
tradeoffs. To add unnecessary constraints in terms of number of modules, 
module size, module shape, and module locations could result in excessive 
spacecraft costs. Thus the approach of reducing constraints on the space - 
craft designer is used as a primary criteria in servicer mechanism screening. 

The selected criteria were grouped under four general headings: versatility, 

simplicity, length, and weight. These were further defined by the subhead- 
ings shown in Table IV-11. The subheadings of Table IV-11 were used to organize 
the evaluations of each of the 15 servicer mechanisms and are described in 
detail below. Each of the screening criteria of Table IV-lO appears under 
one of the Table IV-11 subheadings. Each module exchange mechanism was eval- 
uated on the basis of the configuration described in the reference literature. 

A "comments" paragraph was included at the end of each mechanism discussion 
to indicate options to the basic configuration that would make it more use- 
ful. 

Table IV-11 Sevvicer Meahanisrti Screening Criteria 

VERS ATI LiTY 
VERSATILITY 
DOCKING A/IECHANISMS 
SIIVIPLICITY 

MECHANICAL ADVANTAGE " 

STRUCTURAL FLEXIBILITY 
RELIABILITY 
' LENGTH 
SIZE 
WEIGHT 


WEIGHT 
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Versatility - Versatility is used to obtain a measure of how few con- 
straints are placed on the spacecraft designer* Ujider this heading are 
discussed: module size range, module shape range, numbers of modules, 

module locations on the spacecraft, applicability to the orbiter, tug and 
earth orbital teleoperator system (EOTS), ability to service multiple space- 
craft, and restrictions on order of exchanging modules. In the evaluations 
that follow, the desirable values for these items are those which provide 
the spacecraft designer with the widest choice of how he can design his 
spacecraft. Heavy restrictions on the spacecraft designer mean that servic- 
ing will not be used or that its use will be limited. Module weight is not 
included as a criteria as servicers can be designed to handle the masses 
involved, and weight restrictions are more related to carrier vehicle capa- 
bility. 

Mechanical Advantage - Mechanical advantage was used to discuss the geo- 
metric/kinematic nature of the mechanism as well as its relative efficiency. 
Under this heading are discussed; power conversion for each mechanism 
motion, linear versus rotary motion, latching and unlatching forces, tem- 
porary module stowage, and operations time. A small number of devices to 
convert energy from the electrical to mechanical form is good. Rotary 
motions are preferred over linear because linear systems tend to be heavier 
and less reliable. Latching and unlatching forces should be low and coni- 
cal tapers should he such that the latching force does not result in too 
high of an unlatching force. A method of temporarily, or permanently, stow- 
ing the failed modules removed from the spacecraft must be provided while the 
replacement modules are installed. Operations time to exchange modules should 
be a small part of the seven day tug operations time, say one or two hours. 

The mechanical advantage factors were considered more for their effect on 
other aspects such as reliability, weight, and operational capability rather 
than for themselves per se. 

D ocking Mechanisms - The docking mechanisms were not evaluated; rather 
the effect of the servicer mechanism on the utilization of a docking mechan- 
ism is addressed. Two classes of docking mechanisms were treated: 1) center 

located, such as the Apollo docking probe and drogue, and 2) peripherally 
located, such as the baseline tug docking ring or the Apollo/Soyuz docking 
mechanism. It is desired that the servicer mechanism be adaptable to either 
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the center or peripheral docking systems so that tM apaceeraft designer is 
not limited. The structural load paths during docking and in the docked 
configuration were considered for their effect on weight and servicer length, 
both of which should be kept low. Any significant interactions, such as 
the need to retract the center docking probe in the Bell Aerospace cartesian 
coordinate system are also discussed. Again, minimum- weight and maximum 
reliability are desired. 

Structural Flexibilit y - Two aspects of structural flexibility were con- 
sidered: 1) the stiffness of the docked spacecraft, mechanism, and carrier 

vehicle assembly, and 2) the exchanger mechanism stiffness during module 
handling. The relative structural stiffness in the docked configuration 
was evaluated for its effects on weight and attitude control system inter- 
actions. Low weight and low interaction effects are desirable. The exchanger 
mechanism load paths and stiffness during module insertion and latching were 
evaluated to see if the mechanism is soft enough in the right places for 
self-alignment and stiff enough in the right places to avoid binding. 

Several of the mechanisms tend to use redundant guides during module inser- 
tion which can cause binding. Load path length during latching was also 
of concern. As the total load path must take the latching loads, it should 

be kept short so that undue flexing will not occur and so that weight will 
be low. 


in 


Si^ - Generally size should be kept low as large size tends to imply 
high weight or soft structure. The operating configuration was evaluated 
with regard to the space required to maneuver modules from the stowage rack 
to the spacecraft and vice versa. A short length is desirable. More important 
IS the size of the servicer when configured for use on the tug and stowed 
the orbiter cargo bay. The PUT study showed a significant impact on launch 
cost sharing benefits if the stowed servicer length was not kept short. 

Length values were expressed as multiples of module length. The orbiter 
cargo bay diameter was used as a limiting factor for servicer stowage. As 

all of the mechanisms were designed with this limitation in mind, it was not 
a significant discriminator. 


Weight - The space-borne weight of the servicer system should be kept 
low when it is to be carried by the tug to geosynchronous orbit because of 
the limited tug round-trip capability. Absolute weights were not deter- 
mined, rather weight contributing factors and relative weight assessments 
were used. 

Reliability - Logic says that the module, exchange operation has to be 
very reliable, otherwise the purpose of on-orbit maintenance, which is to 
put spacecraft back into an. operable condition, is defeated. Factors con- 
tributing to unreliability which are. discussed include: mechanisms, latches, 

ability to release modules, number of degrees of freedom, number of parts, 
synchronization requirements, sequential effects, and the docking mechanism 
where it is used as part of the servicer mechanism. 

To simplify the evaluation of each prospective module exchange concept, 
it was helpful to identify areas that will remain similar regardless of 
concept. For instance, module storage in the tug adapter section for a 
given volume of equipment will require about the same structural support 
for all concepts. This structural support is based on flight loads imposed 
bj’’ the tug vehicle. The same appears true for spacecraft support structure 
for the operational modules. The point is that structural weight required 
for the above purposes should not be charged to the particular concept. The 
same is true for centrally located docking devices. Of course, the addition 
of equipment to a docking device to afford motion was a consideration. 

Mechanisms which are required to perform functions of unlatching, sliding 
drawers in and out, and making electrical connections such as are required in 
these tasks require careful detail design to ensure high reliability. 

Thermal control is often brought up as being a key aspect of on-orbit 
servicing. There are three mission phases to be considered, each with 
different thermal control aspects: 1) while modules are in the stowage 

rack, 2) during module exchange, and 3) during spacecraft operation. When 
the modules are in the stowage rack they are inoperative or powered-down, 
thermal control coatings and insulation can be applied to the rack, elec- 
trical power for heating is vailable from the carrier vehicle, and the 
"barbecue" mode (slowly turning the modules with respect to the sun's 
direction) can be used. These techniques, which have been used successfully 


on many space transportation systems such as Transtage and Apollo, are 
equally applicable to all servicer module stowage racks and mechanisms. 

During module exchange, the time should be relatively short and the module 
thermal capacity should be adequate to keep module temperatures within the 
nonoperating limits. Techniques for thermal control of the servicer mech- 
anism need not be a screening criteria. During spacecraft operation, 
thermal control is the spacecraft designer's problem and is one of the 
reasons for not, at this time, restricting the spacecraft designer's options 
with regard to module sizes, shapes, and locations. 

None of the servicer mechanisms evaluated appeared to require an advance- 
ment of the state of the art, so this factor is not further considered in 
the comparative evaluations. 

5. Technical Discussion of On-Orbit Servicers 

The following paragraphs present descriptions and technical discussions 
of the various proposed on-orbit servicer mechanisms. The technical dis- 
cussions are aligned to the screening criteria which have been selected to 
most clearly show the comparative attributes of each servicer. 

a) MDAC Direct Access Servicer Mechanism 

Description: The MDAC direct access servicing concept, shown in Figure 

IV-4 » utilizes a ring type docking device operated by eight hydraulic actu- 
ators powered by a pneumatic system. The operating sequence is shown in 
Figure iV-5. Pressure actuated ball latches at the end of each actuator 
effect the attachment of the satellite. On retraction of the actuators, the 
satellite is mated to the servicer, the satellite module pattern aligning 
with the servicer module storage pattern. The retraction motion is used to 
latch modules to be withdrawn from the servicer to the satellite and to latch 
modules to be withdrawn from the satellite to the rotating grid. A three- 
position rotary actuator mounted in eacfe of the square segments in the rotary 
grid determines whether the module will be withdrawn from the satellite, the 
servicer or neither. 

The docking mechanism actuators are then extended as shown on the second 
figures and the replacement and defective modules are withdrawn simultaneously. 
Motion at the end of the docking mechanism extension stroke automatically 
releases servicer modules from the satellite and latches them to the rotary 
grid. 
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Figuve IV~4 MDAC D'iveQt Aaaess Sevviaer 

The grid is then rotated placing the defective modules over the storage 
slot vacated by the replacement module, and the replacement module over the 
slot vacated by the defective module. 

The docking mechanism is again retracted inserting the modules in ther 
respective slots and locking them in place. 

Half the modules can be exchanged simultaneously during one of these 
cycles. 

Versatility: This concept is designed only to handle a given square box 

size which probably means that subsystems much smaller than the standard box 
will be packaged with other small subsystems to fill the one size box. This 
may be considered an undesirable compromise. Further, roll angular position 
accuracy is high for exchange operations. Module sizes and placements are 
relatively restricted. 
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SERVICER OPERATION 




• DOCKING • DOCKING SYSTEM nfeTRACTED 

• DEFECTIVE MODULE LATCHED TO GRID 

• REPLACEMENT MODULE LATCHED TO 
SPACECRAFT 



• REPLACEMENT AND DEFECTIVE MODULES 
LATCHED TO SPACECRAFT AND SERVICER 



• MODULES EXTRACTED AND 
LATCHED TO GRID 



• EXTENDED AND RELEASED 


Figure IV-5 MDAC Direct Aooess Servicer Operation Sequence 


Mechanical Advantage: This concept provides excellent push-pull capa- 

bility and adequate grid rotation capability; subsequently, good mechanical 
advantages. Latching and unlatching requires good positive moves and avail- 
able forces to have a reliable latch up. If only one or two latches are 
involved, it appears reasonable, but 24 latches j with 12 operating at the 
same time seems difficult. 

Docking Mechanism: This peripheral docking mechanism is integral to 

module exchange and does two things that seem to be advantageous. It opens 
up the center for easier installation of the rotating grid table and pro- 
vides a very rigid attachment to the satellite, particularly in torsion. 

The rotating table could still be mounted around a centrally located dock- 
ing probe with some additional complexity. 

For purposes of docking, this mechanism should work as well as a center 
docking mechanism. This is very similar to the international docking mech- 
anism except that ball screw jacks were used in place of hydraulic cylinders* 
Their reasoning was that the radial arrangement opened up the center for 
the astronaut air-lock tunnel. 
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The real negative aspects of the MDAC direct access servicer appear when 
we start using the docking device to move modules in and out. The MDAC 
inodule exchange device depends on accurate axial travel which means that 
the eight hydraulic cylinders must travel forward and back in unison to 
maintain alignment of modules to racks. It is not apparent from the infor- 
mation available how this is to be done. Friction characteristics of 
modules moving out of the spacecraft will be different from those moving 
out of the rack. This may be very difficult to control. It seems that a 
hydraulically actuated center docking probe would accomplish the same thing 
much better, simpler, less weight, less cost and certainly better reliabil- 

ity, while maintaining good alignment. 

stiffness: This approach provides very rigid structures and good load 

paths are always available. For Instance, the peripheral type docking device 
would be very stable as long as the actuation fluid system Is solid. This 
is not entirely clear In view of the use of the accumulator since close 
tolerances imply need for stiff members and close position control. 

Site: This concept utilises space to the best advantage that Is possible 

with its short (< 3 feet) stowage- and operational length. The modules are 
efficiently positioned and are moved the least distance possible to get the 
modules echanged. This system adds little to overall tug length outside the 
module stowage depth and some to the diameter. 

weight: Since this concept utilises the least space, it follows that it 

is weight competitive. The items adding excessive weight are the latchrng 
mechanisms, the rotating grid and the portions of the 

charged with axial movement. The complicated Individual module latchrng 
mechanism adds up to a substantial amount of weight for this function, much 

more than is justified. 

Reliability; 

Docking probe - The MDAC docking probe depends on proper functioning of 

eight actuators, eight check valves, and eight pressure-actuated ball latches 
plus related equipment.' Each actuator requires a dynamic seal whrch rs a 
high risk leak point. This large number of active parts is not conducrve 

high reliability. 
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Rotating Grid - This is a simple rotating device requiring precise 

radial positioning. Good reliability should be obtainable for this mechan- 
ism. 

Module Latches - There are 24 modules which require latching front and 
back on each. There are 24, 3-way rotary selector actuators to activate 
the particular latch being used at that time. For instance, after dock the 
rotary actuator will unlatch the used module from the satellite and latch 
It to the rotating grid. The new module is unlatched from the tug and 
latched to the satellite. After dock extend, the new module is unlatched 
from the satellite and latched to the rotating grid. After grid rotation 
and dock retraction, the old module is unlatched from the grid and latched 
to the satellite. This adds up to four latch and unlatch operations per 
module. If 24 modules are exchanged, the sequence is performed 48 times 
for a total of 192 separate latching functions per satellite. If one latch 
should malfunction, a complete refurbishment of the satellite is not 
accomplished. Also, if a module latch failed to operate properly, the tug 
and satellite may be in jeopardy. 

Comments: The MDAC concept is complicated, thus relatively unreliable. 

The concept of module exchange maintenance is based on the idea of limiting 
the work load to gain simplicity of equipment. This system is as complex as 
a six or seven-degree-of-freedom device but will accomplish only a fraction 
of the tasks within the capability of a general purpose manipulator. 

b) Aerospace Corporation Servicer Mechanism 

Description: The Aerospace servicer, depicted in Figure IV-6, utilizes 

a center probe and drogue docking device and hard dock is accomplished when 

the Apollo-type probe retracts allowing the satellite to seat on the servicer 
outer ring. 

The servicer circular storage rack rotates 360° around the centerline 
enabling module locations to match any position on the satellite. There is 
one empty module position on the rotating rack that is first aligned with 
the satellite module to be replaced. The linear actuator located in the 
transition section extends and attaches to the satellite module, rotates to 
unlatch, retracts the module into the storage rack, latches the module into 
the storage rack, and unlatches from the module. The rack is then rotated, 
positioning the new module over the vacated satellite module location. The 
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Figure lV-6 Aerospace Corporation Servicer 

linear actuator for that rack extends, pushing the new module into the 
satellite, latching the module to the satellite, unlatches itself from the 
module and retracts. 

This sequence is repeated for each module to be replaced. 

Two versions of this concept are described in the references. One 
version uses a single outer tier of 16 modules, while the other adds an f'. 

inner tier of 12 modules for a total of 28 modules. > 

This concept is also one which utilizes a minimum operating and stowage 
length. Modules can be located in an outer circular ring and also an inner V 

circular ring. With modifications, the base plates can handle various width 
modules. Also, modules can be mounted in a circular shaped rack to improve 
thermal control if required. 

Although in general the operation of this concept is simple, the mechan- 
ism is heavier and less versatile than other concepts. The baseplate actuators 
are relatively complex, and the number required (one for each servicer module) 
results in a heavy weight. Also the rotating frame which carries the replace- f 
ment modules may adversely affect attitude control system fuel usage due to > 

the necessity of rotating all modules for every operation. Furthermore, f 

structural integrity may be lost between storage rack and tug adapter because 
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of the necessity of detachment. Extra hardware and complexity will be 
required to assure that the rack is secure to withstand launch and crash 
loads. 

The requirement for circular storage patterns makes this concept less 
versatile than others. Also modules from an inner ring cannot be placed in 
an outer ring. 

Versatility: This type of device, does not lend itself to universal 

usage. Module location positions are fixed. Each satellite must match the 
servicing module patterns. Module sizes tend to be fixed also, however, 
spacecraft can be designed with one or two tiers of modules. The use of 
the inner tier only would suit smaller spacecraft. 

Mechanical Advantage: The module indexing ring is a large diameter, 

presumably a large pitch ring gear driven by a small pinion. This will 
give a very high gear ratio for small movements and good mechanical advant- 
age. The module cross pin mechanism being a turnbuckle type thread drive 
also will engage with good force; however, there is a good chance here of 
malfunction because of thread friction when the cross pin bottoms out. If 
the closing force applied is not substantially less than the opening force, 
jamming will occur. Good closing force is needed here to make the required 
electrical contact at the tapered surface. The module removal mechanism 
depends directly on the amount of power applied (no mechanical advantage) 
for positive operation. The floating module should move rather easily though, 
so this should work with minimum power. 

Docking Mechanism; The standard Apollo docking probe is being used. 

This probe has been used many times and mechanically should be a sound 
design. It should be much simpler as the requirements are less. 

Stiffness: This concept lends itself to the most efficient structural 

design and results in a very rigid total structure when the two vehicles 
are mated. There is no divergence from the circular ring frame concept. 

Load paths continue straight through. 

Size; This concept will occupy less space than most other concepts; 
however, the available module volume decreases since the center area is not 
utilized. This may not be too inefficient if it is determined that adequate 
volume exists in the annular location of modules. Based on a single tier 
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of modules and a module depth of 24”, a circular diameter limit of 168” and 
a box height of 24”, the module volume of this concept amounts to about 
'150 ft^ of volume. Assume a packaging efficiency of 13.5 Ibs/ft^, the total 
weight carrying capability of this concept is 1100 pounds. This could be 
low considering a tug payload capability of about 2500 lbs; however, with 
the double tier approach, the tug capability could be well utilised. 

For a square center located storage rack 120" square 24” deep with center 
open for docking mechanism, the weight capability becomes 1340 lbs with 
180 ft^ of usable volume. 

Single tug payload weight to orbit and return ranges from 2500 lbs for 
one spacecraft visited to 2000 lbs for three spacecraft visited. If used 
modules and servicer are not returned to earth, the tug can transport around 
8000 lbs to geosynchronous orbit. With these higher weight capabilities, 
longer modules and all available end area could be utilized. The use of the 
full 14 ft diameter, rather than the 10 ft square area of other concepts 
utilizes the available shuttle cargo bay space relatively efficiently. How- 
ever, the module removal mechanism occupies a volume in the transition 
area which has to be charged to added length of the tug to increase required 
cargo bay volume. 

Weight: From a structural viewpoint this design is very weight effi- 

cient. The module base plate concept rather than box structure is good. 
However, from a mechanism viewpoint, the situation is not as attractive. 

Latch mechanisms are required for each module. For a 28-module arrangement, 
56 cross pin latch mechanisms are needed. There is a considerable number 
of moving parts here of which many will probably be steel. A transport 
mechanism will be needed at each module station for a total of 28. There 
are three motions required, all of which tend to be heavy like the rack 
and pinion drive and rotary screw device. Motors are required to drive at 
least two of these and possibly a solenoid for module unlatch (56 motors 
and 28 solenoids, all heavy items). Therefore, overall weight appears 
excessive due to the actuators. 

Reliability; 

Docking Probe - Probably good reliability due to past flight experience. 
Remote docking will be a new experience but all concepts are faced with 
this new requirement. 


Module Indexing Ring - A simple ring and pinion gear driven by a motor 
is used. All parts rotate on roller bearings and, mechanically, this is one 
of the most reliable mechanisms available. The method for determining posi- 
tion is not discussed but the many methods available such as potentiometers, 
photo cells, or limit stops would all be reliable systems. 

Module Cross Pin Mechanism - This device is not a high reliability item. 
The index pm is close tolerance in the straight part so good electrical 
contact can be made. This pin can get real tight when the removal mechanism 
moves in to latch. Then, as the threads get loaded up, the motor which 
turns the screw must overcome the high friction force. 

Module Removal Mechanism - The rack and pinion device for in and out 
movement and the push-pull unlatch device should be reliable enough. The 
floating rollers on each side of the base plate will allow free movement 
in and out. It is unfortunate that these 12 rollers are needed because 
that adds up to 338 rollers for all modules. It is difficult to understand 
their purpose as reference surfaces are provided for final alignment. If 
they are to provide side location, they will not be very effective as they 
are spring loaded. The rack must be perfectly aligned when the cross pin 
moves in or the electrical contact will be damaged. 

General - Considering a single tier of modules and a 16 module exchange 
device, the total number of motors would be: 


Module indexing ring 1 

Cross pin actuation 16 

Module removal 16 

Total motors 33 


Also, sixteen (16) solenoids or some type of push or pull device will be 
required for unlatching the removal probe for a total of 49 motors and actu- 
ators. It IS assumed there will be other electrical items required such as 
switches to show when each function is completed prior to activation of the 
next function. 

Comments: There is excessive electrical and mechanical equipment for 

the amount of work accomplished. There are eight discrete functions per 
module change or 16 to replace one module. For a 16 module rack, 256 dis- 
crete functions take place. Add to this 33 movements of the indexing ring 
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and the total becomes 289. The use of a separate mechanism to move each 
module forces the use of excessive numbers of mechanisms. The module 
removal mechanism occupies a volume in the transition area which has to be 
charged to added length of the tug that the oribter cargo bay must accommo- 
date. 

c) Bell Aerospace Cartesian Coordinate Servicer 

Description: This servicer, shown in Figure IV- 7 , is equipped with a 

center located docking probe with total extend/retract capability. The probe 



Figure IY-? Bell AerosipaGe Cartesian Coordinate Servicer 

extends to make initial contact, then is retracted to allow engagement and 
docking of the four stabilizing posts to the satellite. The docking probe 
is then detached from the satellite and retracted completely into the 
servicer to allow clearance for the satellite to operate. 
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The servicer mechanism provides linear travel in the X, Y and Z planes 
plus a rotary head to reverse position of modules. The end effector is 
positioned over the defective satellite module and latched through a central 
pin latch. The fastener wrench is rotated over one of the screw type fasten- 
ers and activated to unscrew the fastener. This is repeated for each fastener 
until the module is unlatched from the satellite. 

The module is extracted from the satellite, rotated around to face the 
servicer storage rack, positioned over an empty module storage compartment 
and inserted. The end effector fastening mechanism then reverses operation 
to attach the module to the storage rack. This sequence is repeated for as 
many modules as need be replaced. 

The docking probe is re-extended to effect undocking of the satellite 
from the servicer. 

This concept utilizes a single end-effector for handling modules which 
leads to a simpler and weight-effective approach. The end-effector is also 
used to latch and unlatch modules. The X-Y translational carriages can 
locate the end-effector anywhere on the satellite end. If a rotational DOF 
IS added near the end effector, circular storage patterns can also be used. 

This concept allows good versatility In various sizes and placement loca- 
tions. 

The major problem of this approach is the relatively complex and heavy 
translational carriages. Linear motion producing actuators are usually 
more complex and heavier than rotary actuators. Also, the operating dis- 
tance between the servicer and spacecraft is large (with no easy retraction 
capability), and thus stowage volume in the cargo bay is large. This fact, 
coupled with the need for a clear center area for exchange mechanism motion, 
makes a long, complex, and heavy highly-retr actable docking probe. 

Universal Usage: This design is particularly suited to handle varying 

sizes and shapes of modules. This eliminates the necessity to package many 
small subsystems in one box to fill volume. This seems to be a requirement 
which should be established for the design of a module exchanger. The 
external docking posts, however, present a problem when docking with small 
diameter satellites. It is noted that a circular storage pattern is possible 
if an additional DOF is added. A double end-effector would provide for 
temporary storage making more efficient use of the rack. 
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Mechanical Advantage: The fact that the mechanism is strong and removes 

only one module at a time means that one end-effector, latch-unlatch mechan- 
ism is required. This mechanism can be provided with adequate power to 
handle high friction loads during module replacement. Thus a good mechani- 
cal advantage is inherent. 

Screwing and unscrewing bolts by the end-effector automatically and 
remotely as a module attachment method seems cumbersome. It is, however, 
the lightest type of device. The screws add little weight and complexity 
to the modules, while individual latches and actuators multiplied by the 
number of modules adds up to a lot of moving parts. From the information 
available, it appears the screw installation device may be an electrically- 
operated impact wrench which indexes radially around the six bolt pattern 
circle. These are obviously low torque screws so the concept is surely 
feasible. It could be simpler to use one or two fasteners rather than six. 
The tensile strength of one 1/4” bolt is over 4000 pounds, which should be 
more than adequate to support a module. This would eliminate the indexing 
head and greatly simplify the end-effector. Also, the number of operations 
required to remove and replace one module is reduced from 24 to 4 . Time 
saved and the increase in reliability is substantial. This end-effector 
attaches to the module with a central attachment pin. A ball— retained 
sleeve combined with a motor driven bolt driver was used to tension the 
end effector to the module. 

Docking Mechanism: This docking mechanism is designed to telescope 

primarily to aid the attachment of the module exchanger legs to the satel- 
lite and then to retract and clear the area for operation of the exchanger 
mechanism. This has to be considered as a degree-of- freedom since the oper- 
ation of the mechanism depends on the probe telescoping back. Telescoping 
devices are not simple, and they are heavy. The tube must carry wires or 
mechanisms to operate the probe lock, and also carry bending moments until 
the four legs are locked in place. Consequently, this is a very sophisti- 
cated equipme"t item. 

Stiffness: This concept is very rigid with good load paths, providing 

the proper bracing is added for the docked configuration. The attendant 
rigidity should provide for good positioning tolerance. 
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Size: The square shaped modules stowed in the square rack again 

utilizes the usable volume most efficiently. Very little length is added 
to the tug and none to the diameter. However, the exchanger mechanism 
requires at least the same volume in front of the stowage rack, and prob- 
ably some additional so that two extra module lengths are required for 
storage. This mechanism is non-collapsable; the orbier cargo bay must 
accommodate this volume. Larger volumes are required for operation; up to 
three module lengths. 

Weight: This cartesian coordinate travel concept requires that the 

mechanism span the total height and width of the module stowage rack. The 
Y axis requires four very rigid, well-machined steel posts for the linear 
bearings to ride on. Each side must be driven simultaneously to prevent 
binding. Four heavy posts and two drives just to move in one direction is 
a big weight penalty. The X-axis platform reaches the full width of the 
rack and is wide enough to allow adequate travel in the Z-direction. All 
this structure must be rigid to prevent binding. The Bell drawing shows 
the guide posts braced along the Y-axis, and the moving table braced in the 
X plane. This bracing does not do much for torsional rigidity. Torsional 
deflection can deflect the guide posts and the moving table out of the 
plane of the existing braces which can cause binding in both the X and Y 
planes. Additional structure should be added. Too much structure is 
devoted to rigidizing with this concept, thus the weight will be excessive. 

Reliability: ' 

Docking - Docking of two vehicles usually consists of probe insertion 
and lockup. In this case, the two vehicles are brought together so the 
four post latches can lock up. This latching mechanism is not shown but 
it must consist of four separate latches. All four must work so the total 
docking reliability is degraded by this feature. 

X-Y-Z Carriage - Providing adequate rigidity of the guide posts is 
possible and good synchronous drive capability of the X and Y carriages 
can be obtained, so the mechanism should function properly. A rack and 
pinion or ball screw driver is conventionally used to obtain synchronous 
motion. However, it appears that cables or wires are shown which is not 
the reliable approach. 
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End-Effector - There seems no reason why this end-effector could not be 
made reliable if the six screws per module were reduced. With six screws 
per module, it requires the screw removal device to operate 24 times per 
module for complete exchange. For 28 modules, the device must operate 672 
times. If one screw failed to turn, a module would not be replaced and 
could diminish the effectiveness of the operation or possibly prohibit the 
activation of the spacecraft. If the number of screws per module is reduced 
from 6 to 1, the total number of operations is decreased to 112. 

General: This concept should be considered a six-degree-of-freedom 

system: 1) docking probe, 2) X-drive, 3) Y-drive, 4) Z-drive, 5) end 
effector lockup, 6) end-effector indexing head and impact device. To dock, 
exchange 28 modules, and undock requires that 687 discrete operations take 
place. The docking probe alone must perform 15 operations. 

This system cannot be considered very reliable in view of this large 
number of discrete operations. As discussed before, the number of attach- 
ment screws surely can be reduced which would help considerably. This would 
reduce the total discrete operations to 127 and the degrees of freedom to 5. 

Comments: This concept requires too many mechanisms for the task involved. 

Consequently, the reliability and weight suffer. The volume required to 
contain the exchange mechanism is considerably more than the MDAC unit. It 
probably occupies no more space than the pivoting arm types during operation, 
but the pivoting arm types may be storable which is important when stowed 
in the orbiter cargo bay. The ability of the mechanism to rotate the modules, 
thus exposing only one side of the module to space during tansport and during 
use, is an important plus for this device. The thermal problem is much less 
under this condition. Also, electrical connections are made in only one 
direction. 

d) RI UOP A (External) Servicer 

Description: This concept, shown in Figure IV— 8, utilizes a center 

probe/drogue docking device similar to the Apollo type. This opens up all 
areas to the outside of the satellite which this concept can use. 

The module exchange mechanxsm is a boom rotating around the docking 
probe and extending radially past the outside diameter of the satellite and 
module storage rack. The boom extends and also rotates around its own 

centerline. The cross arm is moved linearly for a total of four degrees of 
freedom. 
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Figure IV-8 RI UOP A (External Type) Serviaer 

The boom is rotated radially to the angular location of the satellite 
module to be replaced. The cross boom is rotated and extended into posi- 
tion. The end-effector is moved down to the module by boom retraction and 
the module is unlatched and removed. The mechanism is operated to move 
the used module to an empty stowage rack position and latched in. The 
arm then moves to the replacement module stowed in the rack, removes it and 
installs it in the empty spacecraft module position. 

This procedure is repeated for each module to be exchanged. 

This concept also takes advantage of a single end-effector and begins 
to approach a minimum degree of freedom system (and is thus relatively 
simple). Since modules are exchanged outside the outer spacecraft servicer 
diameter, small separation and storage length is required. This concept can 
easily service various diameter spacecraft, and can reach one or more tiers 
of stowage racks. 

The radial external exchange approach of this concept limits the stor- 
age pattern to an outer circular ring which is considered somewhat restrictive. 
With the rotating arm attached to a center pivot, a ring docking device can- 
not be used, and the arm weight will be greater than other pivoting arm 
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approaches. If a peripheral docking mechanism is used, then the radial 
boom must be attached to an outer ring. This results in a heavier system 
and one that is harder to make retractable for cargo bay stowage. 

Versatxlxty: This servicer will exhibit good acceptability for modules 

of various dimensions, due to the external mounting and access and no require 
ments to operate within the docking mechanism or internal spacecraft or 
carrier vehicle structural envelope. A potential restriction, particularly 
applicable to larger diameter spacecraft is the inability of this concept 
to retract modules axially from the spacecraft ends. 

Mechanical Advantage: Overall mechanical advantage should be good as 

long as higher force motions are accomplished along the axes of the servicer 
actuators. Some degradation is recognized from the requirement that the arm 
extend across the docking mechanism and over the exterior radial surface of 
the spacecraft to withdraw modules radially. The comparatively long linear 
motion actuator may be a problem. 

Docking Mechanism: Interaction with the docking mechanism for complete 

peripheral module access dictates that the central docking approach be used. 
If the docking is central, this servicer could accommodate a large degree of 
variation in docking mechanism designs. Since module access is not possible 
from the spacecraft ends with this system, a fairly large area for a docking 
footprint could be available. 

Stiffness: Due to servicer arm segment lengths, this device will exhibit 

flexibility proportional to length unless corresponding structural weight is 
added. However, it appears that good stiffness is possible with this 
approach without excessive structural impact, since the spacecraft periphery 
is accessed from the carrier vehicle radius only. Should the drum rotating 
around the docking mechanism axis be larger, the radial extension of the 
mechanism could be even less; thus, a good stiffness property is available. 

Size. This device will cause little axial length penalty in the orbiter 
cargo bay since it is deployed radially. The only standoff between the 
spacecraft and carrier vehicle would be the docking mechanism plus the 
diameter of the radial arm of the servicer. Some diameter extension due 
to peripheral stowage will be necessary, but small. The mechanism could be 
made retractable to within the center of the Stowage module for some increase 
in complexity. 
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Weight: Weight for this servicer will be very competitive to other arm 

types. Total weight of the combined docking mechanitiii and servicer will be 
good since docking standoff is minimized and the servicer can be deployed 
from a spacecraft radius only. The inclusion of linear actuators and guide- 
ways, however, is a compromise over other servicers capable of external 
relatively large reach area access. 

Reliability: This servicer accesses a good spacecraft surface area with 

little wasted motion. The requirement for a rotary table around the docking 
mechanism and possibly two linear actuators appears to compromise operational 
confidence over systems which do not require this approach. The system 
involves four degrees-of-freedom typically, two of which are linear. Align- 
ment by automated means could require some sophistication in position or 
indexing sensors, but control of the degrees of freedom themselves appears 
straightforward. The combination or interaction of the rotary drum around 
the docking mechanism creates a related failure mode where other approaches 
are independent in this respect. The single mechanism to latch, unlatch and 
handle modules is a good reliability advantage. 

Comments: This approach uses a single exchanger mechanism to handle all 

modules and thus should rank among the more promising concepts. The concept 
is more suited to a central docking mechanism, although it can be recon- 
figured to work with a peripheral docking system. It can also be made to 
be as short in stowage length as any other concept by folding and retracting 
the boom. The main disadvantages are the boom length and the linear actuators 

e) Pivoting Arm Type Servicers 

Description: A number of servicer concepts may be classified as pivoting 

arm types. These include the RI UOP B (Internal), MSFC and TRW pivoting arms, 
and Bell Aerospace cylindrical coordinate servicers. These concepts are 
summarized in Figures IV-9 and IV-10. 

Each of these servicers operates around a centrally located boom around 
which the mechanism rotates to cover the end surface of the spacecraft. They 
may be used with either a center probe/drogue or outer ring type docking 
mechanism. The radial boom can rotate and accommodate linear travel. The 
end-effector is at the end of a linear extender which is mounted to the boom 
by a rotating joint. 


Figure IV-9 Pivoting Arm Type Servicers 



Figure IV-10 Belt Aerospace Cylindrical Coordinate Servicer 
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To operate, the radial boom rotates to the angular position of the used 
module and extends to position over the module. The end-effector rotates 
to align with the module latches. The end-effector extends to latch onto 
the module and unlatches the module from the spacecraft. The radial boom 
then travels away, removing the used module from the spacecraft. The radial 
boom can then rotate around itself, so the module is now facing the stowage 
rack of the servicer. The mechanism then rotates and extends or retracts 
to place the used module over an empty module position in the rack. The 
module is moved into the empty space, latched and the end-effector disen- 
gaged. The mechanism then travels to the replacement module in the stowage 
rack. The procedure is duplicated for installation in the spacecraft. The 
complete procedure is duplicated for each replaced module. 

These mechanisms, v;hich also use a single end-effector that can latch/ 
unlatch modules, are basically minimum degree of freedom systems, yet they 
have good versatility in handling various sizes and locations of modules. 

They can be designed to stow in a short length and be reasonably light- 
weight. 

The primary problem with these concepts is that they require relatively 
large separation distances between satellite and servicer during operation. 
This results in a long docking probe or ring docking device which may need 
to be retractable to save stowage space in the cargo bay. This space can 
be held to approximately one module length separation if a combination of 
rotational and translational motions are used while transferring the modules. 

TRW, Rockwell International, Bell Aerospace and MSFC all have proposed 
a similar concept with variations. This concept is an arm extending from and 
rotating around the centerline of the tug and spacecraft. The arm has a 
radial reach to the outermost modules, has in and out and rotational motion 
of the end-effector for removing and positioning modules. They are all 
essentially the same concept and will, therefore, be evaluated together 
except that the Bell Aerospace cylindrical coordinate servicer is discussed 
separately. The TRW concept is used to represent this class because of its 
greater versatility, greater use of rotary as opposed to linear motions and 
the higher level of definition available. 
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Universal Usage; With linear travel along the radial boom, all points 
on the spacecraft end are reachable. Circumferentially, the arm can index 
' to any place so there can be various sizes and shapes of modules positioned 
as desired. 

Mechanical Advantage; Of the four degrees of freedom of these devices, 
only one, moving the module in and out, requires high forces along with the 
module latching mechanism. Adequate devices such as screw jacks or cylinders 
can be applied here to do the job with excellent mechanical advantage and 
attendant force transmission. 


Docking Mechanism; These concepts are not dependent on the docking 
mechanism to aid module transfer, so either the center located or the 
peripheral types would be a consideration. These concepts require the 
largest spacing between spacecraft and servicer which means that the docking 
mechanism will be long compared with other methods. This is because of the 
volume required to maneuver the modules after removal from the servicer and 
prior to installation in the spacecraft. 

Stiffness; These concepts are the most flexible structurally of all. 

The long docking mechanism and the radial boom have lengths of about 5 ft. 
With the added flexibility, initial close fits of guide rails, latches, etc. 
should be avoided. This should not be particularly restrictive. 


Size; A significant feature of these mechanism is that they tend to 
be foldable or stowable so orbiter cargo bay volume is not wasted. Space 
must be allowed between the module stowage rack and spacecraft during module 
exchange to allow maneuvering room for the modules. This is not particularly 
bad as long as rigidity is maintained through the docking mechanism. 


Weight; These designs are weight-efficient since the one arm accommodates 
all modules. It is also centrally located to minimize reach. Structure is 
located only where the work is being done. . If the arm can be designed with 
a rotation motion around the center, a motion in and out at the wrist (for 
pulling put modules), and a wrist pivot capability (to look at the servicer 
and spacecraft), plus a wrist rotation to align with the modules, then the 
total mechanism required amounts to the four mechanized joints. The docking 
probe must be long enough to allow for module manipulation clearance. Unless 
the probe is retracted (which amounts to an additional degree of freedom), 
the additional length would occupy volume in the orbiter cargo bay. 
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Reliability: The most appealing aspect of these designs is the single 

mechanism required to latch, unlatch, and transfer all the modules. The 
number of electrical and mechanical parts required to do the job is reduced 
enormously. For example, the Aerospace Corporation servicer required 56 
motors and 28 solenoids/- Typically, this should be reduced to about 5 motors 
or actuators which implies a large increase in reliability. 

Comments: It is apparent after reviewing all proposed concepts that a 

single exchanger mechanism to handle all modules is the most economical 
method for accomplishing the task. The methods discussed in this section 
and the RI UOP A (External) servicer meet this requirement 

The thermal control requirement may suggest that it is desirable to 
reverse the modules so the mounting interface is the same in the servicer 
as well as the satellite. With variations, either the RI UOP A (External) 
servicer or the four concepts discussed here can be made to meet any of 
these conditions. 

The Bell Aerospace cylindrical coordinate servicer is depicted in 
Figure IV- 10. A technical discussion follows below. 

Universal Usage: Some capability for universal usage, allowing random 

module size and limited random positioning of modules, is available. If 
the storage rack was changed from a square pattern to one capable of 
receiving various module shapes, the universal usage requirement would be 
better satisfied. The module exchange mechanism not having a variable 
radial position capability is actually the most restricting part of the design. 
It can only service satellites near their center, not being able to reach the 
outer diameter of the satellite. 

Mechanical Advantage: There is nothing in this design that causes 

mechanical advantage problems such as long cantilevered members or precise 
alignment requirements. The cross travel carriage length appears to be greater 
than necessary. All module locations can still be reached if travel is 
limited to one side of center. Two linear and two rotary joints plus an 
end-effector are used. 
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Docking Mechanism: The center docking probe allows docking with all 

satellite diameters. It is not telescoped, resulting in a simpler design. 
Accurate roll axis alignment is not required for docking or the module 
exchange function. This style requires the least number of moving parts. 

Stiffness: Rigidity of the two mated vehicles depends on the stiffness 

of the docking probe. If the tug is docked to one of the larger spacecraft 
of 20,000 pounds, the probe should be a rather large diameter, but this 
should be no great penalty. The mechanism is short and compact and thus 
can be made rigid for a low weight cost. 


Size: This servicer will occupy about the same volume in front of the 

storage rack as the Bell cartesian coordinate type. Room is required to 
remove the modules and rotate them 180°. The module exchange mechanism does 
not stow well; therefore, orbitet cargo bay volume suffers. 


Weight: This concept will result in one of the lightest of those reviewed. 

The large X-Y-Z frame requiring good stiffness is gone. The central docking 
probe remains, but the outer docking posts are gone. 

Reliability: This concept could be considered to include four degrees 

of freedom plus end effector. The movable joints are two linear joints and 
two rotating joints. Radial joints are usually more reliable and lighter 
weight than linear joints. Providing an end-effector of simple design can 
be incorporated into the exchange mechanism, the concept should be capable 
of performing the module exchange function with the smallest number of 
mechanisms and discrete functions. This should indicate a high degree of 


reliability. 

Comments: This concept provides one of the simpler methods available to 

exchange modules. It does not have the capability, though, of reaching a 
variety of radial positions which limits the number and sizes of modules it 
can handle. When the mechanism is rotated around the docking probe, only 
a square is traced by the end-effector, meaning that module attachment can 
only be made on this line. This severely limits its use when random module 
size and location is an important requirement. The cross track need only 
extend to one side from the center. Either form of cross track requires 
270° of rotational travel about the docking axis. 
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f) General Purpose. Manipulator Type Servicers - Four proposed on-orbit 
servicer concepts that may be categorized as general purpose manipulator 
types were identified. These are: 

1) RI Geosynchronous Platform; 

2) MDAC External; 

3) MMC General Purpose; 

4) GE AGOES Boom. 

Each concept is described below individually, while the concepts are 
evaluated as a group. 

General purpose manipulators simply rely on the multiple degrees of 
freedom to allow positioning of the end-effector in any attitude for the 
assigned work task. By incorporating one of the many end-effector concepts 
for attachment to the module, latching and unlatching, the modules are 
simply moved out of the spacecraft and into the servicer stowage rack. New 
modules are then placed into the spacecraft. 

The general purpose manipulator type mechanisms have six degrees -of - 
freedom positioning capabilities, can reach and operate where other mechan- 
isms cannot, and are, therefore, the most versatile of all concepts. It is 
believed also, assuming that the ope end-effector can be used to apply 
connector insertion/extraction forces, that manipulators (at least relatively 
short ones) can be designed with competitive weights and stowage volumes 
(e.g., they can be folded and stowed in chordal areas). Manipulators with 
seven degrees -of -freedom can be designed to aid in avoiding hazards (e.g., 
solar panels) however, control of a seven degree-of-freedom manipulator 
becomes more complex. 

Of course, long manipulators, designed to reach to opposite spacecraft 
ends for example, will not be competitive in either weight or stowage length. 
Also, structural or thermal bending can become problems. In general, it 
is believed that mechanisms with lesser degrees of freedom, and therefore 
lighter mechanisms, will accomplish the objectives under the established 
ground rules, and that a general purpose manipulator type may not be required. 


RI Geosynchronous Platform Manipulator 


• i 


This Rockwell International concept. Figure IV-11, is both a module 
exchange mechanism and a general purpose manipulator. It exchanges modules 
as the many other mechanisms do, but because of the more universal reach, 
can perform other tasks such as removal and replacement of solar panels or 
antennas. 




Figure IV-11 General Purpose Manipulator- RI Geosynchronous Platform and 
MDAC External 

After effecting docking at the main ring, the ring is deployed 90° 
placing the spacecraft 90° to the tug servicer. This exposes the inside 
of the spacecraft and servicer stowage rack for the manipulator arm. i A 
second arm may be used to position a TV camera which allows remote viewing. 

Replacement operations consist of unlocking the module from the space- 
craft structure, moving it inboard radially and moving it into an empty 
servicer stowage compartment. A new- module is extracted from the stowage 
rack and placed in the empty spacecraft module space. 

The procedure is repeated for each replaced module. 

This system is intended for remote operation from the ground, not 
automated operation. 

MDAC-External Manipulator 

This servicer, also shown in Figure IV-11, can remove modules radially 
from the spacecraft rather than from the end. It consists of a motor driven 
carriage moving on a track around the periphery of the spacecraft. On the 
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carriage is mounted a short articulated arm capable of reaching the outside 
of the spacecraft and module storage rack. 

The carriage travels around to the angular location of the used module 
to be removed. The arm positions the end-effector over the module,, attaches 
to the module, unlocks the module and removes it from the spacecraft. The 
then travels around to the angular location of an empty storage 
space on the storage rack where the module is inserted and latched in. The 
device then travels to the new module location in the servicer and transports 
the new module to the empty spacecraft space. This procedure is duplicated 
for each replaced module. 

This concept is proposed to be used with the outer docking ring; however j, 
the center is open allowing for the use of an Apollo-type center docking 
mechanism. 

MMG General Purpose Manipulator 

This servicer concept, shown in Figure IV-12, can remove modules axially 



Figure IV~12 General Purpose Manipulators — MMC General Purpose and GE 
AGOES Boom 


IV-45 




from the end of a spacecraft or radially from the outer surface of the space- 
craft. It is shown with a full six degrees-of-freedom and mounted on a small 
EOTS spacecraft. The combination of small EOTS and long docking probe permits 
module exchange from the spacecraft end. When the carrier vehicle diameter 
approaches or exceeds the spacecraft diameter, then module exchange from the 
spacecraft end forces the use of a long docking probe. An end-effector would 
be fitted to the arm to hold the modules during transfer and to latch and 
unlatch the modules. Module stowage could be provided on the accessible 
exterior surfaces of the EOTS. 

The module exchange sequence for this manipulator is similar to that for 
other manipulators. An empty position is required in the module stowage 
rack for temporary module stowage. 

The concept is shown for a central docking mechanism but is adaptable to 
a peripheral docking mechanism. 

GE AGOES Boom Manipulator 

This servicer concept, also shown in Figure lV-12, can remove modules 
from four of the six spacecraft surfaces (not from the ends). This extends 
the two external module tiers to the full length of the spacecraft. 

The long boom represents a track along which a carriage moves from the 
module stowage locations to the spacecraft module locations. The carriage 
supports an extendable member that reaches in to attach to the modules, 
unlatch them, and withdraw them outside the spacecraft. This extendable 
member also moves the modules in and out of the stowage rack. The long 
boom and spacecraft can be independently rotated about the tug roll axis so 
that four of the spacecraft faces and all of the stowage rack locations can 
be accessed. 

The module exchange sequence for this manipulator is similar to that 
for other manipulators. ^ empty position is required in the module stowage 
rack for temporary module stowage. The concept is adaptable to central and 
peripheral docking mechanisms. 

Representative of the Category ' 

The MDAC external manipulator has been selected to represent the general 
purpose manipulators. The RI geosynchronous platform manipulator involved a 
very special docking mechanism (90° hinge) and insertion/withdrawal of modules 
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to the inside which seemed unduly restrictive. The ;MMC concept was not too 
well defined and would have had to be reconfigured for the tug as opposed to 
the EOTS so it would be comparable with the other maintenance concepts. The 
GE AGOES boom concept involved a traveling carriage and seemed comparatively 
complex for what it could accomplish. 

While not shown explicitly in Figure IV-11, the MDAC external manipulator 
is considered to be a full six-degree-of-freedom manipulator with a capabil- 
ity to reach more than one tier of modules on the spacecraft surface. The 
detail technical evaluations are with respect to the MDAC external manipulator 
considered as a full six-degree-of-freedom system. 

a 

Versatility; The fact that this arm is operating outside the confinement 
of the spacecraft diameter, and not constrained to a particular X-Y coordi- 
nate system means that it can pick a variety of work positions around the 
spacecraft. If the spacecraft designer decides he wants some small modules 
and some large modules, or modules of different shapes, it is possible with 
this system. The bad feature is the inability to reach inside the spacecraft 
diameter for end placement of modules. The ability of the arm to reach large 
areas and random positions, other than the spacecraft end, gives it good 
universal usage capability. 

Mechanical Advantage: Usually arms are equated to low tip forces and 

high joint torques. This is not the case here. First the arm segments are 
very short. Second, the angular travel of each joint will be very low com- 
pared to manipulators as used for orbiter cargo bay operations. The shoulder 
joint need only travel about 30° and the elbow possibly 60°. This allows 1 

the use of pneumatic, hydraulic or screw jack type actuators rather than * 

rotational torque devices such as motors. High forces for module removal 
can be obtained if desired. As small deflections at the joints become large 
movements at the end-effectors, it is important to minimize backlash as this 
adds to the undesirable end-effector movements. 

Docking Mechanism; This modular exchange system is adaptable to central 
and peripheral type docking mechanisms and might be much better off with a 
center docking mechanism rather than this one located right in the way of 
the carrier ring and arm. The length of the tug with stowage rack would be 
shorter. There is no requirement for accurate roll positioning of the 
spacecraft to tug as is required by the MDAC direct access servicer. 
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Stiffness: Normally manipulator arms are more flexible than the index- 

ing rack concepts, but in this case the arm will be so short, rigidizing 
should be easy. Mechanism flexibility should be no problem here. Use of a 
peripheral docking mechanism makes for good load paths and a stiff docked 

a 

configuration. 

Size: This concept moves modules in and out radially rather than axially 

which means that room is not required between the spacecraft and servicer 
for mechanisms or maneuvering room. This arm is shown mounted on the outer 
diameter of the tug. This is the most logical place as the arm requires 
substantial room to maneuver. MDAC shows the arm stowed within the 14 ft 
diameter tug envelope so arm stowage does not seem to affect diameter or 
length substantially. It seems this concept could be shortened considerably 
from what is shown. They are using the same docking mechanism as was used 
on the MDAC direct access design which is a peripheral device. This forces 
all the docking mechanism forward of the stowage rack. If they had used the 
Apollo-type docking device, the two vehicles could be moved closer together 
as the Apollo device is buried in the middle. 

In addition, the drawing shows the arm reaching outside the equipment 
module areas of the tug and spacecraft which for module exchange purposes 
does not seem necessary. This concept could be designed with a much shorter 
and smaller exchanger mechanism. 

Weight: Exclusive of the docking mechanism and module rack structure 

which will not affect the comparative total weight of this concept, the 
weight is located in the carrier ring and arm mechanism. The carrier ring 
tends to be heavy because of the large diameter ring gear and arm carriage 
which must be rigid. The arm, if made short to reach only the modules, will 
be very light. The mechanism thus could be considered a medium weight device 
and is competitive with any of the other devices proposed. Most of the 
weight is allocated to the drive joints. If high tip forces are desired, 
the weight increases. 

Reliability: 

Docking Probe - The four point attachment mechanism requires eight 
actuators, eight check valves and eight pressure-actuated ball latches 
plus related equipments All this equipment was used in the other MDAC con- 
cept for moving modules in and out of racks, which is not done here. 
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Arm Carriage - With one drive mechanism the arm can be positioned at 
any one of the modules. It is a highly reliable device and accomplishes 
much. 

Manipulator - This design shows six driven joints exclusive of the end- 
effector. The fewer the joints the more reliable the. manipulator . If we 
eliminate the need for such a long reach out of the module area, the lower 
arm extension can be eliminated. There also is no need for the extendable 
wrist motion if the shoulder and elbow/wrist pitch drives are used to keep 
the module aligned while removing the module. This would help simplify the 
arm and make it more reliable. The fact that the arm is more flexible than 
most concepts reduces the possibility of misalignment and possible jamming 
occurring during module removal . 

Comments; The external manipulator servicer has many good features, the 
most important being that only one mechanism is required to replace modules 
rather than the separate mechanism per module which adds up to too much 
equipment. This concept should occupy the least volume in the orbiter 
cargo bay. There could be many variations of the arm configuration. 

g) Shuttle Cargo Bay Only Servicer - Three references to this servicing 
mechanism approach have been found. They are; 

1) MSFC shuttle module exchanger, 

2) RI EOS (Rockwell International, earth observation satellite), and 

3) . SPAR/DSMA EOS (Spar Aerospace Products, Ltd. /Dillworth, Secord, 

Meager and Associates Ltd., earth orbiting satellite). 

As they are quite similar, they will be described together. However, as 
our most complete documentation is for the SPAR/DSMA version, it will be used 
to represent the shuttle cargo bay only servicer. 

Description: Each of these orbiter»based servicing concepts (see Figure 

IV-13) utilizes a module exchange mechfinism (MEM), a module storage rack, and 
a rotary docking table for the spacecraft to be serviced. 

The spacecraft is docked to the rotary table. The MEM is positioned over 
a new replacement module in the storage rack, attached to the module, and the 
module is unlatched. The module is removed from the rack. The double-sided 
end-effector attaches to and removes the failed module from the spacecraft. 
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Fig’Ui’e IV-IZ Shuttle Cargo Bay Only Serviaer 

The! end-effector is rotated 180°, positioning the new module over the vacated 
module space. The new module is installed in the spacecraft. The failed 
module is then transported back to the storage rack and installed in the 
vacated module space. 

The procedure is repeated as necessary for complete module exchange with 
the spacecraft being repositioned by the rotary docking table between each 
module exchange. 

The servicers proposed for the use only in the cargo bay are fairly versa 
tile in that they can service almost any size module placed almost anywhere 
on the spacecraft (except the spacecraft ends). An extreme penalty, how- 
ever, is paid in terms of weight and stowage volume, primarily because the 
mechanism is long and large such that it can reach a good distance from the 
cargo bay. 

The cargo bay servicers, of course, cannot be used in high earth orbits. 
It would be cost-effective to be able to use the same servicer in high earth 
orbits as in low earth orbits. 
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The GSFC approach to use the MEM includes reconfiguration of a series of 
spacecraft, led by the earth observation satellite, to be assembled from 
standardized subsystem modules and mission equipment modules that use the 
same latching and attaching concepts. The subsystem modules are large, on 
order of 4 ft x 4 ft x 1.5 ft, and 500 lbs, which necessitated a MEM 
designed to handle these large modules. GSFC has had a MEM demonstration 
model designed and built and evaluated. The evaluation indicated the need 
for a number of design modifications. 


Versatility: The rotating storage rack can be designed to accommodate 

random sizes and shapes of modules. The MEM can place modules in a variety 
of positions fore and aft and radially on the satellite. The limitation 
occurs in its inability to service the end of the satellite. Elimination 
of the satellite end as a module location limits the satellite design if all 
types of satellites are to be accommodated. Use of the SRMS for outsize 
modules increases the versatility of the approach. 

Mechanical Advantage: The mechanical advantage of the telescoping arms 

depends on the type of drive mechanism involved to move them up and down. 

Drive screws or rack gears can provide adequate force but can become heavy. 

Temporary module storage is obtained by use of a double-sided end-effector. 

The system has been designed for easy removal and installation in the orbiter 
cargo bay. 

The demonstration model uses chain drives, cables, rollers on as-rolled 
tubes, racks and pinions, electric motors, air motors, and air cylinders. 

The flight article design would have to be more sophisiticated. The extensive 
use of linear motions results in a heavy and complex mechanism. The latching 
system uses four separate latches for each module, one latch at each corner, 
a set of guides at each corner, and four attachment pip-pins between the end- 
effector and each module. The use of four of each element, rather than one 

or two, implies a high possibility of binding of the modules on insertion 
and withdrawal. 

Docking Mechanism: In this case, the rotating table is the spacecraft 

docking mechanism. If it is designed to handle a variety of spacecraft dia- 
meters, which it should be, then the docking concept is adequate. Since the 
spacecraft end is not reachable anyway, the type of mechanism does not affect 
the operation of the exchanger, 
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Stiffness; Except for the long telescoping module exchange mechanism, 
the concept can be designed very rigid. The MEM telescopes up to an 
unsupported length of about 32 feet plus the rotating arm length of an addi- 
tional 10 feet. This structure must be designed heavy to reduce deflections 
at the end-effector. The rigidity requirements for this concept are high 
because of the use of redundant latches, guides, and attachments. 

Size: The rotating magazine fills th^ full diameter of the cargo bay 

and by rotating, exposes all modules for removal from the top. The exchanger 
occupies little of the cargo bay length and stores over the top of the maga- 
zine. The system is large because it is designed to handle large modules 
for large spacecraft. The magazine design appears to use only the periphery 
of the magazine leaving the center open. The effect is a magazine volumet- 
ric efficiency of 27 percent. When stowed in the cargo bay, the system can 
be mounted so that space is available to bring other spacecraft up to shuttle 
orbits. The overall length of the system is 15.4 feet as stowed in the orbiter 
cargo bay. This is somewhat larger than other concepts. The design data 
available to us indicates that the system is too large and heavy for stowage 
with a tug in the orbiter cargo bay. 

The size question also involves the practicality of module exchange with 
the dedicated mechanism compared to module exchange utilizing the SRMS. 

Weight: The spacecraft is mounted forward in the cargo bay. It is 

mounted on the rotary table which in turn is mounted next to the magazine. 

The launch loads imposed by the spacecraft must travel through the rotary 
table (also called the flight support system) and then into the cargo bay 
structure. This load path requires more structure than is desirable. The 
large and rigid MEM tends to be heavy. This is also reflected in the modules 
and latches which are quite heavy. GSFC has stated that the MEM should be 
strong and rigid enough to handle modules in one-g. This further adds to the 
anticipated weight. Their present estimate is 4743 lbs. This is heavy for 
tug operations and may not be acceptable for orbiter operations. 

Reliability: The main point for the reliability of this system is that 

duplicate mechanisms are not required for the exchange of each module. The 
arm with its three degrees-of- freedom plus end effector accomplishes the 
exchange of all modules with one set of mechanisms. However, the degrees- 
of -freedom of the magazine (one) and of the docking table (two) must also be 
considered. The result is a full six degrees of freedom are involved, yet 
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only four controllable degrees of freedom are available for module insertion 
or withdrawal. Roll about an axis parallel to the orbiter X-axis, and 
lateral motion are not available. Structure design must be such as to 
accommodate tolerances for these two motions. 

Use of two columns and, in later versions, two horizontal rails means 
that synchronization systems are required for both drives. As the deployed 
mechanism can inhibit closing of the orbiter cargo bay doors, an additional 
reliability requirement results. A backup explosive-activated separation 
system is to be provided. 

The module attaching/latching systems each involve four mechanisms oper- 
ating in parallel. If any one of these fails to open, then the system will 
not separate. Thus the present design implies a lower probability of orbiter 

survival than might need be. 

Comments: The cargo bay only servicer has been conceived in a form to 

take full advantage of the orbiter capabilities of weight, volume, and con- 
trol station location. The rotating magazine looks like a useful method 
for module storage and it can be made easily removable so the cargo bay can 
be opened up for other use at the penalty of some wasted space. However, 
the size and weight of this concept suffers in comparison with the smaller, 
lighter systems designed for tug application. The availability of the SRMS 
and its use for the outsize modules might be extended to reduce the size, 
extension, and thus weight of the module exchange mechanism. 

6. Evaluations 

The servicer mechanism top level evaluation is primarily concerned with; 

1) identifying and understanding servicer relative merits, 2) grouping similar 
types of servicers, and 3) identifying which servicers are highly dedicated so 
they can be de-emphasized to avoid undue waste of contract resources in sub- 
sequent evaluations. 

Previously the 15 on orbit servicer mechanisms were tentatively grouped 
as shown in Table IV-7. The analyses of the fifteen servicer mechanisms 
has proven the grouping to be realistic. Table IV-12 lists the 15 servicer 
mechanisms, and the seven servicers that have been selected as representatives 
of separate groups are indicated. The servicer mechanism evaluation from 

this point forward will concern itself with the seven groups. 
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TabZe IV-12 SevoZaev Meohan'tsm Reyvesentatives 



1) 

MDAC DIRECT ACCESS ~ 


2) 

AEROSPACE CORPORATION 


3) 

BELL AEROSPACE CARTES IAN COORDI NATE 


4) 

Rl UOP A (EXTERNAL) 


5) 

PIVOTING ARM TYPE 

A. Rl UOP B (INTERNAL) 

B. MSEC • 



C. TRW 

D. BELL AEROSPACE CYLINDRICAL COORDINATE 


6) 

GENERAL PURPOSE MANIPULATOR TYPE 
A. Rl GEOSYNCHRONOUS PLATFORM 


B. MDAC EXTERNAL 

C. MMC GENERAL PURPOSE 

D. ,GE AGOES BOOM 


7) 

SHUTTLE CARGO BAY ONLY 

A. MSFC SHUTTLE MODULE EXCHANGE 

B. Rl EOS 



C. SPAR/DSMAEOS 

® 

RECOMMENDED TO REP RESEI\rT EACH DISTINCT GROUP 


The factors covered in the servicer mechanism evaluation are: 

1) Servicer mechanism design; 

2) Maintenance Of competitive servicers for both HEO and LEO applications; 

3) Servicer capability to accommodate many spacecraft types (i.e., least 
restrictions on module characteristics); 

4) Servicer interaction or dependence on the docking mechanism; 

5) Servicer access to multiple spacecraft surfaces. 


Servicer Mechanism Design - The results of the servicer design comparison 
are summarized in Table IV-13. The columns of the comparison chart were 
derived from the mechanism screening criteria which were discussed above. An 
additional parameter, number of mechanical functions, was added to display 
this important parameter. 


This evaluation indicated that, when correlated to the mechanism screening 
criteria of this study, the pivoting arm type servicers appear to offer the 


greatest potential for economy through relatively low weight, good versatility 
and accommodation for a wide array of docking mechanism approaches, module 


and spacecraft sizes. The general purpose manipulators retain good versatility, 
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Table IV-13 Design Comparison Chart - Spaaeoraft Servicers 



MDAC DIRECT 
ACCESS SERVICER 

POOR 

MEDIUM 

HIGH 

(poor 

L 

LOW 

/ * 
SMALL 

L Z_ 

MEDIUM 

/ 

POOR 

AEROSPACE CORPORATION 

POOR 

MEDIUM 

HIGH 


LOW 

MEDIUM 

MEDIUM 

POOR 

BELL AEROSPACE 
CARTESIAN COORDINATE 





LOW 



FAIR 

Rl UOP A EXTERNAL 

FAIR 


LOW 

GOOD 

HIGH 

MEDIUM 

MEDIUM 

GOOD 

TRW PI VOTING ARM 

GOOD 

HIGH 

LOW 

GOOD 

HIGH 

MEDIUM 

LOW 

GOOD 

MDAC EXTERNAL 
MANIPULATOR 

FAIR 

MEDIUM 

MEDIUM 

POOR 

MEDIUM 

SMALL 

MEDIUM 

FAIR 

SHUHLE CARGO BAY 
ONLY SERVICER 

FAIR 

MEDIUM 

MEDIUM 

GOOD 

MEDIUM 

LARGE 

LARGE 

FAIR 


size, and reliability at a greater weight and structural flexibility and 
lower mechanxcal advantage than pivoting arm type servicers. The remaining 
servicer types tend to be more dedicated to particular spacecraft applica- 
tions; therefore, they do not offer a competitive potential for economy in 
application across the mission model. 

In addition, more detailed comments in the following paragraphs provide 
further insight into the relative merits of the various proposed on-orbit 
servicers. 

Ideally, a servicer should be capable of handling selectable-size modules 
in selectable locations on the end of the satellite, on the outer ring, and 
along the outside of the spacecraft for radial removal. I This suggests a 

device capable of three translational motions and orientation motions result- 
ing in 5 or 6 degrees of freedom total. The servicer should be capable of 
docking with small diameter spacecraft as well as the large 15 ft diameter 
spacecraft and performing module exchange. 

































A concept which provided limited usage for now as well as in the future 
and was at least as complex as one with more flexible capability was deempha- 
sized for subsequent analysis. The MDAC direct access servicer and the 
Aerospace Corporation carousel types definitely fall into this category. 

These concepts require individual active mechanisms for each module exchange 
position. The sheer number of powered mechanisms precludes the possibility 
of trouble-free operation, not to mention cost and weight penalties. On the 
other hand, the Bell Aerospace cartesian coordinate, sdrvicer utilizes only 
one set of actuation mechanisms to affect module exchange. It can reach any 
point within the limits of x-y drive systems, meaning that within this area, 
modules could be of selectable sizes and shapes. This servicer, however, 
presents problems with docking with small diameter satellites. Both the 
MDAC direct access and Aerospace Corporation carousel types suffer from this 
limitation. 

The RI UOP A (External) servicer is comparable to the Bell Aerospace 
cartesian coordinate design in mechanism complexity and weight. It is designed 
to remove modules radially at the outer ring only, but has the ability to 
reach any point around the circumference within reach of arms' length. This 
allows the spacecraft designer to select module shapes and sizes. It could 
also be used to maintain miscellaneous equipment which may be identified in 
the future, such as earth-pointing experiments. The spacecraft end, however, 
is not available to this servicer, which seems a serious disadvantage in view 
of the more immediate application to the communication spacecraft requirement 
for end servicing. 

Several servicers rotate around the center docking probe, fold or tele- 
scope out for radial positioning and have various similar degrees-of-freedom 
to position the end-effector and move the modules. These include: RI UOP A 

(External), and the TRW pivoting-arm type. This general type of servicer uses 
only one set of mechanisms to handle all modules. They can be designed to 
service selected shaped and positioned modules. They require the least amount 
of structure to reach all positions because they originate at the vehicle 
centerline. There is only one structural member to reach the work area, no 
duplication. They can service small as well as large diameter spacecraft. 
Because of the wide range of positioning capability, the spacecraft designer 
has a wide latitude for module position, particularly in regard to thermal 
control and instrument location. The RI UOP A (External) concept replaces 
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modules radially from the spacecraft periphery while the TRW pivoting arm 
type replaces modules axially from the spacecraft end. 

If any of the pivoting arm servicers, which are designed to replace 
modules axially from the spacecraft end, were extended just slightly to reach 
outside the largest spacecraft diameter, an additional or interchangeable 
outer mechanism could be included as the growth factor designed to meet 
future spacecraft design requirements. For example, the TRW pivoting arm 
with one rotary joint in the middle can reach from near vehicle center to a 
radius of 8 or 9 feet with total area coverage for only 3 degrees of freedom, 

A rotating head and linear movement' at the end-effector satisfies all axial 
module removal requirements from the smallest to largest spacecraft planned. 
Modification of the device at the end-effector could add radial module removal 
capability at a later date if desired. 

It could be argued that if the pivoting arm servicer described above is 
expanded to include five or six degrees of freedom to meet all future require- 
ments, this approaches the complexity of a general purpose manipulator. It 
probably does. A general purpose manipulator mounted at a fixed outer dia- 
meter location is inefficient as it is too close to the modules mounted on 
that side and must reach at least 14 feet to service the far side. A gen- 
eral purpose manipulator mounted on a peripheral ring to provide good module 
access will have a higher weight. A centrally located arm need only reach 
the radius of operation. 

Servicer interaction with the docking mechanism bears heavily on the 
functional versatility of the system. The two general types, peripheral 
devices and the center probe/drogue types, are most often proposed. The 
peripheral docking device normally is shown at about the 14 ft diameter 
location. This implies that all spacecraft, large and small, must inter- 
face at this large diameter. This is a potential penalty for small diameter 
spacecraft. Also, the docking ring partially blocks the outer servicing 
areas from the inner servicing areas. 

Alternately, a centrally located docking mechanism would open up the 
total area for servicing regardless of the type servicer chosen. Apollo 
program docking studies showed the probe/drogue concept superior in many 
respects — weight, dynamics, simplicity -- to other candidates. However, 
these concepts must be viewed in this study in light of interaction with the 
servicer mechanism in ways that imply various relative economic penalties 
or benefits. 
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The centrally located pivoting arm-type servicers affords the best 
access to spacecraft of various diameters with reasonable complexity and 
growth potential to meet future spacecraft servicing requirements. 

b) Maintenance of Competitive Servicers for Both HEP and LEO Applications - 
Included in Table IV-14 is a correlation of servicer applications to orbital 
application as shown in the literature. Servicers one through six have been 

Table IV’-14 Servicer Application in Orbit 


SERVICER 

APPL 

ICATIOI 


LEO 

HEO 

COMMENTS 

1) 

MDAC DIRECT ACCESS 

X 




2) 

AEROSPACE CORPORATION 

X 

® 



3) 

BELL AEROSPACE CARTESIAN CO- 

X 

® 




ORDINATE 






. 


® 


IF TUG EMPLOYED, OTHER- 

4) 

Rl UOP A (EXTERNAL) 

X 


WISE MUST MODIFY FOR 

5) 

TRW PIVOTING ARM 

X 

® 


CARGO BAY USE 

6) 

MDAC EXTERNAL 

X 

®. 




(GENERAL PURPOSE MANIPULATOR) 





7) 

SPAR/DSMA CARGO BAY ONLY 

® 

X 


HAS BEEN STUDIED FOR TUG 






ADAPTATION 


(g) PRIMARY MODE SHOWN IN LITERATURE 
X ADAPTABLE TO THIS MODE 


basically designed for tug delivered servicing missions. However, they could 
be modified to be utilized at the orbiter cargo bay. Some differences in 
modifications would exist. The SPAR/DSMA cargo bay only servicer currently 
has been designed for servicing of EOS in low earth orbit. However, an 
adaption for high earth orbit has been studied. Considerable changes have 
to be made to reduce the weight. 

I 

c) Servicer Capability to Accommodate Many Spacecraft Types - This factor 
is important when considering the projection of a servicer to the entire 
maintenance mission model. If this aspect were interpreted as a measure of 
restrictions on module metrics, then Table IV-15 summarizes the module 
characteristics accepted by the proposed servicers. 



Table IV-IS On-Orbit Sevviaev Module Acaormodation 


SERVICER 

MODULE CHARACTERISTICS ACCEPTED- 

1) 

MDAC DIRECT ACCESS 

HIGHLY STANDARDIZED, RECTANGULAR 
SURFACES 

2) 

AEROSPACE CORPORATION 

HIGHLY STANDARDIZED, TRAPEZOIDAL 
AND RECTANGULAR SURFACES 

3) 

BELL AEROSPACE CARTESIAN CO- 
ORDINATE 

VARIETY OF DIMENSIONS ' 

4) 

Rl UOP A (EXTERNAL) 

REGULAR DIMENSIONS 

5) 

TRW PIVOTING ARM 

VARIETY OF DIMENS IONS 

6) 

MDAC EXTERNAL 

(GENERAL PURPOSE MANIPULATOR) 

VARIETY OF DIMENSIONS 

7) 

SPAR/DSMA CARGO BAY ONLY 

VARIETY OF DIMENSIONS 

-REPORTED IN LITERATURE SOURCES 


The analysis indicated that setvicers 1) and 2) should be deemphasized 
since the impact of highly standardized modules on spacecraft programs 
would be excessively costly. Item 4) should also be deemphasized based on 
its potential to require spacecraft modules of regular dimension. Since 
the ability of an on-orbit servicer system to accommodate modules of a 
variety of dimensions appears to lead to both lower spt.oecraft impact and 
a potential for multiple functions (such as contamination shield removal/ 
emplacement, or obstacle/appendage avoidance), it is recommended that 
servicers selected for detailed economic comparison, based on module accom- 
modation, include: 3), and 5) through 7) , 

‘i) Servicer Interaction or Dependence on the Docking Mechanism - Table IV- 
16 summarizes the interaction of on-orbit servicers with the docking 
mechanism. This analysis showed that most servicers could be adapted to 
both central and peripheral docking and appeared to provide potential for 
various spacecraft accommodations, at least in concept. However, from the 
standpoint of imposed limitations to spacecraft configuration for servicing, 
the central docking devices imposed less restriction than peripheral unless 
a good degree of dexterity is available in the servicer to avoid or work 
around the docking mechanism. That is, in view of carrying servicers further 
which seem to provide the least restrictions o© spacecraft configurations, 
servicers 5 and 6 again appear to offer good flexibility. It is also noted 
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Table IV-26 On-Orbit Serviaer Interaction with booking Mechanism 


SERVICER 

DOCKING MECHANISM TYPE 

COMMENTS 

CENTRAL 

PERIPHERAL 

1. MDAC DIRECT ACCESS 

X 


'docking MECHANISM USED TO 
EFFECT MODULE EXCHANGE. 
CENTRAL SYSTEM WOULD RE- 
QUIRE REDESIGN OF APOLLO 
DOCKING PROBE TO MAKE IT 
CONTROLLABLE IN EXTENSION 
AND RETRACTION. 

2. AEROSPACE CORPORA- 
TION 

(X) 

X 

APOLLO-TYPE DOCKING DEVICE 

3. BELL AEROSPACE CAR- 
TES IAN COORDINATE 


X 

APOLLO-TYPE DOCKING DEVICE 

4. RI UOP A (EXTERNAL) 


X 

APOLLO-TYPE DEVICE 

5. TRW PIVOTING ARM 


X 

APOLLO-TYPE DEVICE SHOWN; 
CAN ALSO WORK INSIDE PER- 
IPHERAL DEVICE 

6. MDAC EXTERNAL 

X 


PERIPHERAL DEVICE SHOWN 
CAUSES MANIPULATOR TO BE 
INDEXED AROUND ON TRACK 

7. SPAR/DSMA CARGO 
BAY 

N/A 


USES DOCKING ADAPTER OR 
SWING TABLE OF CARGO BAY 
WHICH BLOCKS ACCESS TO 
END OF SPACECRAFT 


® PRIMARILY SHOWN IN LITERATURE; X - CAN BE ADAPTED TO THIS FORM 


that visiting system 4 was discussed above as an extension of the TRW pivot- 
ing arm allowing access of modules through spacecraft surfaces other than 
the docking plane. Therefore, little loss of generality should result if 
the RI UOP A External were deemphasized at this point. Servicer 7 requires 
an end type docking adaptor which restricts access to the end of the space- 
craft. 

Servicers 5 and 6 are a pair of servicers incorporating good span of 
versatility with flexibility to accept various spacecraft designs from 
docking mechanism considerations, 

e) Servicer Access to Multiple Spacecraft Surfaces - Access to multiple 
spacecraft surfaces without redocking is an additional measure of servicer 
restriction on spacecraft configuration. Accordingly, access to both the 
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docking plane anrface as well as surfaces other than the docking plane 
should lead to eventual economy. Figure IV-14 shows, by the shaded area, 
the portions of a spacecraft external surface that the various on-orblt ’ 
servicers can reach. Table IV-17 sunnarlces this factor for each of the 
servxcers being evaluated. This evaluation shows that servicers 5 through 

7 provide better potential for economy through less restriction on space- 
craft configuration. 



MDAC Direct Access 


MDAC External 
Rl UOP A 


Vigme lV-14 Compamtive Aeaesa to Spacecraft Sw?faaes 


Table IV-17 Comparative Access to Spacecraft Surface for Servicers 




ACCESS TO SPACECRAFT SURFACES 

SERVICER 

DOCKING 

PLANE 

ONLY 

SURFACES 
OTHER THAN 
DOCKING PLANE 

BOTH 

1. 

MDAC DIRECT ACCESS 

® 



2. 

AEROSPACE CORPORA- 
TION 




3. 

BELL AEROSPACE CAR- 
TES) AN COORD I WTE 

®. 



4, 

Rl UOP A (EXTERNAL) 


® 

WITH ADDITIONAL DOF OR 
CONFIGURATION MODIFICATION 

5. 

TRW PIVOTING ARM 

® 


WITH ADDITIONAL DOF AND 
LENGTH 

6. 

MDAC EXTERNAL 


® 

IF CENTRAL DOCKING EM- 
PLOYED 

7. 

SPAR/DSMA CARGO 
BAY 


® 

IFSRMS USED TO REDOCK 
AND ORIENT 





7. On-Orbit Servicer Selection 


The 15 on-orbit servicers were described above and in that description 
it was noted that the 15 proposed on-orbit servicer mechanisms could be 
represented very effectively in seven categories (See Table IV-12) . Of 
these categories, three Include several concepts. Due to the close similarity 
of the servicers within these categories, it was determined that a single 
servicer concept be selected to represent these categories. The representative 
servicers selected should be comparatively well documented to efficiently 
expedite their economic comparison to other concepts. Accordingly, the 
following selections were made; 

a) Pivoting arm-type servicers to be represented by the TRW concept; 

b) General Purpose Manipulator-type to be represented by the MDAC 
external concept; 

c) Shuttle Cargo Bay Only servicers to be represented by the SPAR/DSMA 
EOS concept. 

In addition, the Bell Aerospace cylindrical coordinate concept appears to 
be an improved version of the Bell Aerospace cartesian coordinate servicer 
and incorporates advanced thinking regarding access to the entire spacecraft 
module surface, interaction with the docking mechanism, and module emplace- 
ment mechanism simplicity which leads to a more economical device. Therefore, 
it was determined that the Bell Aerospace cartesian coordinate servicer need 
not be selected for further Servicer evaluations. This suggestion does not 
reject such a device for certain dedicated applications, but merely says that 
contract resources! should not be expended in subsequent tasks to further 
compete this servicer since it can be shown to be relatively inefficient 
when viewed in light of application to the entire characteristic set of 
spacecraft at this phase of study investigations. 

It was further noted that the Bell Aerospace cylindrical coordinate con- 
cept is essentially a pivoting arm-type of servicer and can be well represented 
for the detailed evaluations by the TRW concept. Thus, it is not deemphasized, 
but is represented by similarity to the TRW concept for continued economic 

i ... 

comparisons* 

The shuttle cargo bay only servicer mechanisms can be well represented 
by the SPAR/DSMA EOS concept for subsequent spacecraft servicer evaluations, 
particularly as it is the concept being pursued by the sponsor, Goddard Space 
Flight Center, 
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General purpose manipulator types can be effectively represented by the 
MDAC external concept. Thus, by similarity, the MDAC external servicer will 
represent the RI geosynchronous platform, MMC general purpose, and GE AGOES 
boom servicer concepts for subsequent comparisons. 

At this level of the selection process, the following six servicers 
remain for further consideration: 

1) MDAC direct access, 

2) Aerospace Corporation, 

3) RI UOP A (external) , 

4) TRW - pivoting arm type, 

5) MDAC External - general purpose manipulator, and 

6) SPAR/DSMA EOS - shuttle cargo bay only 

The above evaluations considered these six concepts with respect to: 

1) Application in orbit (LEO or HEO) , 

2) Spacecraft module accommodation, 

3) Docking mechanism interaction, and 

4) Access to spacecraft surfaces. 

The shuttle cargo bay only servicer is limited to LEO applications and 
thus cannot be considered for HEO applications. The direct access. Aero- 
space Corporation, and RI UOP A (external) are all restricted to regular 
size modules and effectively restrict the spacecraft designer more 
than the pivoting arns or general purpose manipulator. They are also greatly 
restrictive in access to spacecraft surfaces as well as being somewhat more 
complex. The pivoting arm and the general purpose manipulator were thus 
selected to represent the whole class of on-orbit servicers for the high 
earth orbit case. They span the ranges of complexity - four degrees of 
freedom versus six; spacecraft access - axial vs radial module removal; 
versatility - limited to module exchange vs general purpose; and prime 
docking mechanism - central vs peripheral* 

The cargo bay only servicer was also considered as a candidate for LEO 
operations only. 

The advantages and disadvantages listed in Table IV-18 are based on the 
SPAR/DSMA data available to us and may not be applicable as the design is 
improved and updated. Servicing with a cargo bay only servicer appears 
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Table IV-18 Cargo Bay Only Servicer - Advantages and Disadvantages 


ADVANTAGES 

DISADVANTAGES 

ENGINEERING MODEL HAS BEEN BUILT 

LIMITED TO SERVICING SPACECRAFT IN LOW 

SERVICING CAN BE PERFORMED ON MULTI- 

EARTH ORBIT 

PLE SURFACES OF THE SPACECRAFT 

WEIGHT -4,743 lb 

TOTAL MODULE EXCHANGE TIME IS LOW 

SIZE - 15. 4 ft LONG, 2, 724 ft^ OF CARGO BAY 

MAN IS AVAILABLE FOR: 

LIMITED MODULE SIZES AND SHAPES 

CONTINUOUS OPERATION OF EXCHANGER 
MONITORING OF SERVICING STATUS 

LIMITED MODULE LOCATIONS 

EVALUATING AND HANDLING CONTiN- 

RESTRICTS OPERATIONS OF ORBITER DURING 

GENCIES 

SERVICINGACTIVITIES 

SRMS IS AVAILABLE FOR OUTSIZE MODULE 

HIGH MODULE GUIDE FORCES 

EXCHANGE 

MODULE GUIDE FORCES REACT THROUGH EN- 
TIRE STRUCTURE 

LIMITED TO CERTAIN SIZE & SHAPE OF SPACE- 
CRAFT 

CANNOT COMPENSATE FOR MODULE ROLL 
ERRORS 

— . 

MAGAZINE VOLUME EFFICIENCY =■ 27% 



functionally to be a technically acceptable approach. A number of significant 
advantages are listed. A major disadvantage is its application only to LEO 
spacecraft. Many of the other disadvantages and advantages relate only to 
this specific expression of the design of a cargo bay only servicer. 

When the TRW pivoting arm servicer or the MDAC external-general purpose 
manipulator are considered as cargo bay servicers, they appear to be more 
technically feasible than this particular expression of a cargo bay only 
servicer. Their comparable metrics are: 1130 lbs, 5 ft long, and 884 cu ft. 

They place fewer limits on spacecraft module sizes, shapes, locations, and 
masses as well as having better design details. They are also applicable to 
both HEO and LEO operations and thus represent potentially lower Ixfe cycle 
costs than if individual systems are designed for LEO and HEO. Therefore, it 
was determined that the TRW pivoting arm and the MDAC external -general pur- 
pose manipulator should be further investigated for orbiter cargo bay module 

exchange. 

C. COMPARISON OF PIVOTING ARM AND GENERAL PURPOSE MANIPULATOR ON-ORBIT 

SERVICER 

The results of a more detailed analyses of the Pivoting Arm (TRW) and 
General Purpose Manipulator (MDAC) on-orbit servicers are discussed in this 
section. It was concluded in the previous section that these two servicers 
most completely satisfied the first level evaluation against the screening 
criteria. Preliminary versions of the servicers are illustrated in Figures 
IV-15 and 16. The illustrations show the basic features of the concepts. A 
summary of the comparison factors is given in Table IV-19, and a discussion 

of each factor follows. 

1. Module Removal Direction 

The pivoting arm (Figure IV-15) uses axial removal of the modules whereas 
the general purpose manipulator uses radial. For each system the servicer 
mechanism design dictates that the module removal direction for the stowage 
rack be same as for the spacecraft. Module removal direction interrelates 
with other comparison factors like volumetric efficiency and module shapes 
which will be discussed later. In the geometric layouts (Chapter V) made for 
the spacecraft in the characteristic set it was found that all of the space- 
craft could be configured to accommodate axial removal. 


STOWAGE RACK 


TUG 




SERVICER 

MECHANISM 



Figure IV-16 Pivoting Arm On-Orbit Servicer (TRW) 



RACK 

Figure IV^16 General Purpose Mani-pulator On-Orbit Servicer (MDAC) 
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Table JV-19 


Comparison of Fivoting Arm and General 


Purpose Manipulator 


COMPARISON FACTOR 

PIVOTING ARM (TRW) 

GENERAL PURPOSE MANIPULATOR 
(MDAC) 

1. MODULE REMOVAL DIRECTION 

AXIAL 

RADIAL 

2. SPACECRAFT LOCATION 

ANY PAHERN ON END OF SPACECRAFT: 

ANY PARERN ON PERIPHERY OF 

AND DISTRIBUTION OF 

GOOD ACCESS TO CENTRAL REGION AND 

SPACECRAR: POOR ACCESS TO 

MODULES 

MORE EFFECTIVE GROUPING OF SUBSYS- 

CENTRAL REGION 


TEMS FOR THERMAL CONTROL 



3, MODULE SIZES AND SHAPES 

GOOD FLEXIBILITY 

RESTRICTED TO PIE-SHAPES IF 



^ 

CENTRAL REGION IS USED. 

4, VOLUMETRIC EFFICIENCY 

GOOD EFFECTIVE ACCESS TO CENTRAL 

POOR - INEFFECTIVE ACCESS TO 


REGION PERMITS GOOD PACKAGING 

CENTRAL REGION 

5. MECHANIZATION COMPLEXITY- 

SIMPLE 


RELATIVELY COMPLEX 

DEGREES OF FREEDOM 

FOUR DEGREES: ROTARY -3 

SIX DEGREES: ROTARY -5 



LINEAR -1 


LINEAR -1 

6. SERVICER WEIGHT (lb) 

TUG 

ORB ITER 

TUG 

ORBITER 

SERVICER MECHANISM 

100 

100 

250 

250 

STOWAGE RACK 

400 

400 

400 

400 

TUG ADAPTER 

50 

N/A 

80 

N/A 

SUPPORT EQUIPMENT 

N/A 

450 

N/A 

450 

CONTROL ELECTRONICS 

30 

30 

45 

45 

TOTAL 

580 

980 

775 

1, 145 

7. CARGO BAY OPERATIONS 

SMALL SPACECRAR - GOOD; 

SMALL SPACECRAR - INTERFERENCE 


LARGE SPACECRAR - GOOD. 

PROBLEMS: 




LARGE SPA( 

lECRAR - GOOD. 

8. SERVICER OPERATING LENGTH 





(in.) 

TUG 

ORBITER 

TUG 

ORBITER 

STOWAGE RACK 

40 

40 

40 

40 

SERVICER MECHANISM 

156 

156 

8 

8 

DOCKING MECHANISM 

(DOES NOT ADD LENGTH) 

50 

50 

TUG ADAPTER 

0 

N/A 

0 

N/A 

SUPPORT STRUCTURE 

N/A 

8 

0 

8 

TOTAL 

196 

204 

98 

106 

9. SERVICER STOWED LENGTH 





(in.) 

TUG 

ORBITER 

TUG 

ORBITER 

STOWAGE RACK 

40 

40 

40 

40 

SERVICER MECHANISM-STOWED 

94 

94 

8 

8 

DOCKING MECHANISM 

0 

0 

50 

50 

TUG ADAPTER 

0 

N/A 

0 

N/A 

SUPPORT STRUCTURE 

N/A 

8 

N/A 

8 

TOTAL 

134 

142 

98 

106 



I 2. Spacecraft Location and Distribution of Modules 

The pivoting arm servicer allows access to modules on one complete end 
of the spacecraft. This can be two ends if the servicer is docked a second 
time. The general purpose manipulator servicer allows access to the outer 
surface of the spacecraft. The current design has a two-tier configuration. 
The spacecraft surface access is illustrated in Figure IV-14. The shaded 
points or areas represent the areas where modules can be located. When it 
is realized that the spacecraft will be configured on a 15-foot diameter 
to effectively utilize the orbiter cargo bay, the pivoting arm servicer 
must be rated as having the more effective module pattern and distribution. 

It allows greater flexibility for mounting modules in the central region 
as shown in Figure IV-15. This relates to flexibility in module shapes. 

A significant advantage of the pivoting arm end access is the flexibility 
in grouping of spacecraft subsystems in a given module. The spacecraft 
designer can group subsystems which require high heat dissipation together 
or keep them in separate modules according to what is dictated by good 
design. These modules can then be located on the spacecraft outer surfaces 
for efficient heat radiation to space. The subsystems which do not require 
heat dissipation can be mounted in the central region as separate modules. 

The keystone-shaped modules of the general purpose manipulator do not ac- 
commodate very effectively to this spacecraft design factor. 

3, Module Sizes and Shapes 

The pivoting arm servicer has a siguificantly greater flexibility than 
the general purpose manipulator in the area of module sizes and shapes. 

This mainly results from the problem the general purpose manipulator concept 
has with access to the central region of the spacecraft. To have good vol- 
umetric efficiency the general purpose manipulator dictates modules shaped 
similar to pie sections or keystone shaped sections. This is restrictive to 
the spacecraft designer. However, the pivoting arm servicer will accommodate 
any size of module up to the largest that the servicer stowage rack has a 
space for. The pivoting arm servicer does have the disadvantage of one tier 
of modules, but this can be handled by a secondary docking at the opposite 
end of the spacecraft. 
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4. Volumetric Efficiency 

The definition of volumetric efficiency which is applicable evolves from 
the cost effective shape of the spacecraft dictated by the size of the 
orbiter cargo bay. Since launch costs are to be based on length in bay 
utilized and weight, it becomes important for the spacecraft designer to 
effectively utilize the 15-foot diameter of the cargo bay. This is a change 
to the designer because current launch vehicles are considerably smaller 
in diameter. Thus the spacecraft designer must work toward a vehicle envelope 
which is the conventional basic cylindrical, but it is larger in diameter 
and shorter in length than current conventional standards. The pivoting arm 
servicer very effectively accommodates use of the central region, resulting 
in efficient packing of subsystems and good volumetric efficiency. The 
short length also indicates a one-tier set of modules will probably be ade- 
quate which tends to negate one feature of the general purpose manipulator. 

li — ^chanization Complexity - Degrees of Freedom 

The general purpose manipulator servicer is relatively complex as com- 
pared to the pivoting arm because of the differences in number of degrees of 
freedom and in the number of linear drives involved in the design. There 
are four degrees of freedom plus a 180 degree index capability in the pivot- 
ing arm servicer design. This consists of three rotary joints and one linear 
travel in the wrist. The general purpose manipulator has six degrees of 
freedom: five rotary joints and one linear. The rationale for why linear 

travel joints are ranked more complex than rotary was given in the previous 
section. Two more degrees of freedom does result in a more complex design 
rating for the general purpose manipulator. Also, the additional linear 
drive requires a circular track wrapped around the periphery of the servicer. 
This is a complex type of drive both from complexity as well as ability to 
maintain alignment tolerances for exchange of modules during the servicing 
operation. 

6. Servicer Weight 

The servicer weights shown in Table IV-19 have been divided into the 
tug and orbiter classes because of the different equipment involved in each 
case. These weights are estimates in some cases because of insufficient 
definition in the literature. The servicer mechanism and stowage rack would 
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be the same obviously for each case. The structural design would be based 
on the mout severe loads which would be the orbiter crash loads. 

The general purpose manipulator servicer mechanism weights 150 lbs more 
than the pivoting arm servicer mechanism because of the heavy circular gear 
track in the general purpose manipulator design. The stowage rack werght of 
400 lbs has been taken as the same' for all configurations to keep the com- 

parison more equitable a 

The tug adapter is required to Interface the servicer to the tug for 
servicing of high and medium earth orbit spacecraft. The servicer would be 
fastened directly to the front end of the tug during launch. The general 
purpose manipulator adapter weighs more because it must support a heavrer 
servicer mechanism. The support equipment (450 lbs) listed in 
for orbiter application is for operation of the servicers out of the orblte 
cargo bay. It supports the stowage rack and servicer mechanism. T e 
electronics assembly for the general purpose manipulator is 15 lbs more than 
for the pivoting arm because of the delta required in control logic due to 
the greater number of degrees of freedom. 

7, Cargo Bav Operations 

The operation of the pivoting arm and general purpose manipulator on- 
orbit servicers in the cargo bay for low earth orbit servicing was investi- 
gated. Since the site of the spacecraft has a major effect, the effort wa 
divided into small and large spacecraft. 

Small Spacecraft - Illustrations of small spacecraft being serviced in 
the orbiter's cargo bay are shown in Figures IV-17 and 18. If appendages 
do not interfere, the SM can dock the spacecraft to the servicer mechanism 

as shown. This approach would work very well for the pivoting arm servicer 
because it can function within the cargo bay's lower half envelope. However, 
the general purpose manipulator could only service half of the spacecraft due 
to interference with the cargo bay. The problem can be alleviated by mount- 
ing the spacecraft on a turntable or redocklng it with the SRMS. 
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Figure IV-17 Pivoting Arm (TW) - Shuttle Cargo Bay - Small Spaoearaft 
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Figure IV-18 General Purpose Manipulator (MDAC) -Shuttle Cargo Bay-SmaVL 
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Large Spacecraft - Both servicers work well with large spacecraft which, 
by their nature, must be docked outside of the cargo bay envelope. Figure 
IV-19 illustrates a representative servicing configuration of the pivoting 
arm servicer. The general purpose manipulator servicer would have a similar 

configuration. 

8. Servicer Operating Length 

The operating length of the eervicer is defined as including the stowage 
rack and runs up to the servicer/spacecraft interface. Table IV-19 shows a 
detailed breakdown of the elements which go to make up the operating length. 



Figure IV-19 Pivoting Arm ITRW)-Shuttle Cargo Say-Large Spacecraft 
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A fixed stowage rack length of 40 inches was used for both concepts. Some 
estimates had to be made because of insufficient information in the liter- 
ature. Figures were compiled for tug and orbiter applications. The orbiter 
application requires a support structure which attaches to the sills in the 
cargo bay. The general purpose manipulator requires. 98 inches less operating 
length because the manipulator moves around the outside whereas the pivoting 
arm operates between the spacecraft and stowage rack. 

9. Servicer Stowed Length 

Since launch costs are based on stowed length, it is an important para- 
meter. The details on the stowed length comparison are shown in Table IV-19, 
The, general purpose manipulator servicer stows in 36 inches less than the 
pivoting arm servicer. This is a definite advantage. 

10. Summary of Pivoting Arm (TRW) and General Purpose Manipulator (MDAC) 
On-Orbit Servicer Comparison 

A top level summary of this comparison is presented in Tables IV-20 and 
21. The check marks in the tables show that both servicers are technically 

Table IV-20 Teohniaal Considerations 



TRW 

MDAC 

CRITERIA 



SATISFY ALL DESIGN CRITERIA 

X 

X 

TECHNICAL FEASIBILITY 

X 

X 

LI CHEST 

X 


SHORTEST STOWED LENGTH 


X 

SIMPLEST 

X 


OTHER CONSIDERATIONS 



OPERATIONAL AREAS 



LEO 

X 

X 

heo/meo 

X 

X 

PROGRAMMATIC ITEMS 



EXTENDABLE TO COMPLEX SERVIC INC TASKS 


X 


IV-73 



Table IV-21 On-Orbit Servicer Versatility 



TRW 

MDAC 

SPACECRAFT DESIGN ITEMS 



COMPATIBLE WITH A HIGH PERCENTAGE OF 
SPACECRAFT PROGRAMS 

X 

X 

LEAST CONSTRAINTS ON NUMBER, LOCATION, 
SHAPE, SIZE, AND ORIENTATION OF MOD- 

X 


ULES 



CAPABLE OF AXIAL AND RADIAL MODULE 
REPLACEMENT 

— 

— 

(INITIAL USE OF EITHER MODEWITH 
GROWTH TO THE OTHER IS ACCEPTABLE) 

X 

X 

CAPABILITY FOR MODULE LOCATION IN 
MULTIPLE TIERS 

X 

X 

CAPABILITY TO MAXIMIZE VOLUMETRIC EF- 
FICIENCY 



COMPATIBLE WITH SIDE AND BOTTOM 
MOUNTED LATCHES 

X 

X 

SPACE TRANSPORTATION SYSTEM DESIGN ITEMS 



ADAPTABLE TO A RANGE OF DOCKING DE- 
VICES 



CENTRAL 

X 

X 

PERIPHERAL 

X 

X 


feasible which certainly is a valid conclusion. However, the previous dis- 
cussion has detailed how ths pivoting arm servicer is somehwat better in 
many of the comparison factors. Considering the differences in all compari- 
son factors the pivoting arm design rates much better than the general purpose 
manipulator and is recommended to be carried forward as the best on-orbit 
servicer design found in the literature. However, it is also recommended at 
this stage in the study that the stowed and operating lengths for the pivot- 
ing arm be investigated. Design factors affecting these parameters should 
be evaluated to determine methods of minimizing these parameters, 

D. COMPARISON OF VISITING MAINTENANCE SYSTEMS 

In this section, a final comparison of the visting systems (Figure IV-20) 
is made. The visting systems at this point in the evaluation are three 
classes; (1) on-orbit servicer, (2) extravehicular activity (EVA) , and (3) 
shuttle remote manipulator system (SRMS) . Tradeoffs of on-orbit servicers 
done in other sections have resulted in the selection of the pivoting arm 
servicer as being the most effective design. Thus, in this section the EVA 
and SRMS maintenance systems will be compared to the pivoting arm which 
represents the most effective on-orbit servicer. 
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VISITING SYSTEMS 


' I 1 

EVA SRMS ON-ORBIT SERVICER 

(PIVOTING ARM) 

Figure IV- 20 Visiting Systems 

The major objective of this section is to determine the relative techni- 
cal ranking of on-orbit servicer, EVA, and SRMS as visiting maintenance 
concepts for performing modular spacecraft servicing. This requires defining 
configurations which are representative but not necessarily an optimum choice. 
The definitions of the configurations are carried to a sufficient level of 
detail to establish technical feasibility and to provide an adequate break- 
down of equipment required for a realistic costing analysis which is detailed 
in Chapter IX, Cost Generation and Analysis, 

The most significant conclusions drawn in the analyses of this section 

are: 

1. The on-orbit servicer maintenance concept is recommended as being 
the most effective, 

2. The on-orbit servicer, extravehicular activity, and shuttle remote 
manipulator system are all technically feasible, 

3. Only the on-orbit servicer is applicable to both tug and orbiter- 
based missions, 

4. Design of the spacecraft for EVA is an important factor to con- 
sider in the cost analyses, 

5. The additional support structure necessary for large spacecraft for 
EVA and SRMS maintenance requires a large stowage volume which will 
have a concurrent launch cost penalty, 

6. The addition of a module exchange capability to the SRMS represents 
a significant increase in its design requirements and accuracy, and 
will result in a cost impact. 

The ground rules used in the evaluation are summarized in Table IV-22. 

As was previously stated, the pivoting arm represents the on-orbit class of 


Tahte IV-22 Visiting System Comparison Ground Rules 


USE PIVOTING ARM AS REPRESENTATIVE OF ON-ORBIT SERVICERS. 

SPACECRAFT ARE DESIGNED FOR SERVICING. 

CONSIDER MODULE LEVEL REPLACEMEf\[T AS BASELINE. 

SERVICING IS TO BE PERFORMED INTHE ORBITER CARGO BAY. 

USE THE JSC SPACE SHUHLE SYSTEM PAYLOAD ACCOMMODATIONS 
DOCUMEIVT {JULY 3, 1974). 

SRMS WILL RETRIEVE, DOCK AND DEPLOY THE SPACECRAFT FOR 
ALL MAI NTENANCE CONCEPTS. 

EVALUATE THE MAINTENANCE CONCEPTS INDEPENDENTLY (NOT IN 
COMBINATION). 

FOR ALL MAINTENANCE CONCEPTS CONSIDER THE SPACECRAFT TO 
BE DOCKED TO SUPPORT STRUCTURE MOUNTED INTHE ORBITER 
CARGO BAY. 

USE SAME REPLACEMENT MODULE STORAGE RACK FOR ALL CON- 
CEPTS (ITS SUPPORT STRUCTURE CAN VARY). 

ALL MODULES ARE LOCATED ON ONE OR TWO SEPARATE DOCKING 
FACES OR TWO ADJACENT TIERS. 

APPENDAGES ARE TO BE NONRETRACTABLE. 

APPENDAGES ARE ASSUMED TO HAVE LONG LIFE AND HIGH RE- 
LIABILITY AND THEREFORE DO NOT NEED REPLACING. 

servicers. Module level replacement is baseline for all the concepts with 
capability to vary from this cited as an advantage when applicable. The JSC 
Space Shuttle Payload Accommodations Document (Chapter XI, Item D-2) has been 
used as the latest reference for EVA and SRMS design and operational data. 

The STS operational procedure for retrieving, docking and deploying of spacer 
craft is to use the SRMS. This is the method used across all three maintenance 
concepts. No combination of the three maintenance concepts was evaluated. 
However, when major advantages could be gained through a combination of con- 
cepts, these items were cited. The spacecraft is docked to a support structure 
mounted to the cargo bay sills or to the servicer mechanism via a docking 
interface. In the comparison, the stowage rack was kept the same for all 
concepts to eliminate minor differences in this area. Appendages were 
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considered to be nonretractable. This interrelates with the manner in which 
a spacecraft can be docked in the cargo bay. 

In this comparison of the visting systems, the approach taken was to 
work the following areas for each system and perform a comparison across 
systems of the common factors. 

1) Establish servicing guidelines, 

2) Select representative servicing concept(s), 

3) Determine acceptable operating region in the orbiter cargo bay, 

4) Determine equipment required to perform servicing -- 

• servicing concept equipment, 

• spacecraft equipment, 

• STS equipment, and 

5) Determine advantages and disadvantages. 

The technical comparisons of the visting systems were then made on the basis 
of: 

1) Acceptable techniques, 

2) Operating regions in orbiter cargo bay, 

3) Equipment required, and 

4) Significance of advantages and disadvantages. 

1. Servicing Guidelines 

Guidelines to be factored into the evaluation of each visiting system 
for formulating comparison factors were generated and a discussion of them 
follows. 

Pivoting Arm Servicing Guidelines - The evaluation of the pivoting arm 
servicer was based primarily on current literature definition available, 
and was adapted to a servicer operation in the orbiter cargo bay. The 
pivoting arm servicing guidelines are listed in Table IV-23. Presently, the 
STS program has not established through a standard type control document 
any fundamental guidelines for the pivoting arm type of servicing operation 
in the orbiter cargo bay. 

EVA Servicing Guidelines - EVA operational guidelines (Table lV-24) have 
been abstracted from the JSC Space Shuttle System Payload Accommodations docu- 
ment (July 3, 1974). A considerable number of EVA requirements have been put 
down as STS program control factors* However, a very significant factor to 
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Tahte IV- 2 3 Pivoting Arm Servicing Guidelines 


EVALUATION IS BASED PRIMARILY ON LITERATURE DEFINITION 
OF THESERV.ICER. 

ADAPTATIONS OF LITERATURE DEFl NITION ARE APPROPRIATE. 

NO CONTROL SYSTEM CONSTRAINTS. 

COMPATIBLE WITH BOTH TUG AND ORBITER OPERATIONS. 

SRMS IS USED FOR EXCHANGE OF MODULES NOT REACHABLE 
BY SERVICER DURING SERVICING AT ORBITER. 


Table IV-24 EVA Servicing Guidelines 

TWO, TWO-MAN, SIX-HOUR EVAs PERMISSION 
PRE-EVA OPERATIONS -3.5 hr 
POST-EVA OPERATIONS - 1.5 hr 

PLANNED EVA PERIODS SHOULD NOT EXCEED ONE 6-hr DURATION 
PER DAY 

EVA CREWMAN AND EQUIPMENT MUST BE SECURED OR TETHERED 
AT ALL TIMES 

CAPABILITY FOR CREWMAN TRANSLATION FROM AIRLOCK TO 
WORK AREA MUST BE PROVIDED 

THE FIXED MANIPULATOR ARM MAY BE USED TO PROVIDE A TRANS- 
LATION PATH 

EITHER ONE AND/OR TWO CREWMEN MAY BE CONSIDERED FOR EVA 
OPERATIONS 

PAYLOAD EQUIPMENT OR SURFACES SENSITIVE TO PHYSICAL DAM- 
AGE SHOULD BE PROTECTED OR NOT LOCATED I N WORK AREAS 

note is that the requirements are for general EVA operations in the orhiter 
bay and no specific servicing requirements exist. This means that even 
though EVA is certainly baseline to the STS program, EVA servicing of space 
craft has not reached a unified common approach which could guide the 
analyses conducted here. 




EVA operations will utilize a self-contained life support system capable 
of supporting a six-hour EVA. Currently, three hours of prebreathing is 
required because of the 4 psi suit pressure. Considerations are being given 
to changing to an 8 psi suit pressure which would not require the prebreath- 
ing. The payload is charged with two of the three prebreathing hours plus 
0.5 hour in the airlock. 

The payload bay EVA support equipment available for all missions has 
not been defined at this time. If additional support equipment is required 
by a payload, its weight will be chargeable to the payload. When the manipu- 
lator end-effector is secured to the worksite, it may be used to provide a 
translation path. 

SRMS Servicing Guidelines - SRMS operational guidelines (Table IV-25) 
have been abstracted from the JSC Space Shuttle System Payload Accommodations 
document (July 3, 1974). The shuttle remote manipulator system has been 
proposed as a candidate for servicing spacecraft docked in the orbiter cargo 
bay. However, the design has been driven by the requirements imposed from 
the operations of spacecraft retrieval and docking. No SRMS module exchange 
servicing approaches are baselined in the payload accommodations document. 

One manipulator arm is baselined. A second arm can be installed if required, 
but the weight (approximately 700 lbs) is chargeable to the payload. A basic 
jaw-type end-effector is currently baselined. Other end-effectors which 
probably would be more compatible with servicing requirements are being con- 
sidered. TV cameras located in the bay and on the manipulator arm give the 
manipulator controller views that are selectable in viewpoint and field of 
view. A significant SRMS factor to be considered for the servicing applica- 
tion is its limitation in reaching around large objects. Also, this capability 
varies as a function of the location and orientation of the spacecraft In the 
cargo bay. 

2. Visiting Systems Servicing Concepts 

Pivoting Arm Servicer - A description of the pivoting arm servicer has 
been discussed in detail in the previous sections. The servicer has versa- 
tility in its application to both tug and orbiter servicing operations. One 
difference exists in the design for the two applications. The adapter used 
to interface the stowage rack to the tug or orbiter must be different. The 


Table IV-25 SBMS Servicing Guidelines 


NO MODULE EXCHANGE EXISTS AS SRMS BASELINE DEFINITION 
ARM DESIGN DRIVEN BY SPACECRAFT RETRIEVAL AND DOCKING 
REQUIREMENTS 
ONE ARM IS BASELINE 

SECOND MANIPULATOR ARM CAN BE INSTALLED IF REQUIRED 

END EFFECTOR - BASIC JAW TYPE 

LIMITED CAPABILITY TO REACH AROUND LARGE OBJECTS 

ONE ARM CLEAR REACH ENVELOPE - HEMISPHERE ABOVE CARGO 
BAY WITH RESTRICTED REGIONS DUE TO SHOULDER TWO DE- 
GREES OF FREEDOM 

WRIST MINIMUM LATERAL FORCE - 10 lb 

DIRECT VIEW - AVAILABLE BUT LIMITED 

INDIRECT VIEW - SELECTABLE IN VIEWPOINT AND FIELD OF 

VIEW 


DEGREES OF FREEDOM - 6 

— ^ 


pivoting arm servicer operating in the orblter cargo bay is illustrated in 
in Figure lV-21. Ihe spacecraft docking Interface is the same as it is for 
the tug applloatioh. Ihe SRMS docks the spacecraft to be serviced to the 
front of the servicer mechanism on the docking mechanism. Prior to the 
spacecraft docking several steps must be performed to ready the servicer for 
the docking operation. The servicer (stowage rack, servicer mechanism, and 
docking interface) are launched as an integral structure supported from 
sills and returned in the cargo bay in a standard cylinder type orientation. 
TO prepare lor servicing, the SRMS removes the servicer from the Stowe 
location which can be anywhere in the bay that the SRMS can reach. The sill 
automatic latch releases are used lor this because they can be remotely con- 
trolled from the crew control station. Then the SRMS places the servicer in 
a vertical orientation (Figure IV-21) at the desired location in the bay. 

The automatic sill latches are again used for holding the servicer in posi- 
tion. The location is flexible. It is restricted only by other cargo in 
the bay and the SBMS teach capability. Then once the spacecraft 



Figure IV-21 Pivoting Arm Servicing in Orhiter Cargo Bay 

docked by the SKHS) module exchsnge takes place in the same manner that it 
does for the tug application with possibly an exception on the servicer con- 
trol mode. If the servicing can take place near the forward end of the cargo 
bay as shown in Figure IV-21, then the operation could be controlled with 
the monitoring being done through the rear facing windows and the cargo bay 
TV cameras. 

EVA Servicing Concept - Considerable EVA contingency type servicing 
was performed successfully during the Skylab program. This data substanti- 
ates that a wide range of EVA servicing tasks can be done by a suited 
astronaut. However, the current space shuttle payload accommodations docu- 
ment does not provide baseline EVA approaches. A survey of .the literature 
shows that various EVA servicing approaches have been proposed. None of 
them presents an approach which is based on a servicing requirement for 
accommodating spacecraft which vary considerably in size and configuration. 
Two approaches representative of EVA servicing for large and small space- 
craft are shown in Figure IV-22. It is important to note that the type of 
EVA servicing that can be done will be governed by the limited dexterity 
the crewman has in a pressurized suit. Conventional handrails and tethers 
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Large X-Ray Telescope 










Solar Maximum Mission 
Spacecraft 


Figure IV- 2 2 EVA Servicing Concept 

will have to be provided. EVA design, or what is sometimes called man- 
rating, of the spacecraft to permit the crewman to work on or near the 
spacecraft represents a potential cost impact factor. Another significant 
factor is the support structure required to support large spacecraft above 
the cargo bay. This structure would be mounted to the bay sills. Stowage 
volume and deployment of such a large structure are considerations to be 
assessed for cost impacts. 

The EVA design elements considered were taken from Item M-18 of 
Chapter XI. They can be thought of in terms of providing a payload safe 
work station where many of the requirements are established by the shuttle 
program for everything carried in the orbiter cargo bay. The additional 
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requirements (per Item M-18) are 1) provision of EVA load bearing sur- 
faces for hand/foot restraints and pushoff, 2) additional structural pro- 
tection (contamination and thermal control) where orbital conditions 
differ from ground, and 3) secondary power and/or AC power protection. 

Further considerations are 1) contamination effects including suit leak- 
age and water vapor from the suit thermal control system, 2) compati- 
bility with EVA suit restrictions regarding reach, forces available, 
hand grip sizes, and restraints, and 3) unintended contact between suit 
and spacecraft including its appendages. 

Shuttle Remote Manipulator System Servicing Concept - The manipulator 
arm will be used to capture and dock spacecraft at the orbiter cargo bay. 
Servicing with the SRMS is considered to start once the spacecraft is 
secured to a spacecraft support structure in the bay. Servicing of small 
and large spacecraft present very different geometric problems relative to 
reach around capabilities of the arm and spacecraft appendage interferences. 
Representative approaches for servicing large and small spacecraft are illus- 
trated in Figure IV-23. The relative geometry problem of how the arm handles 
module exchange between the stowage rack and spacecraft is discussed later 
in this section. 
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The design of the manipulator arm was driven by the prime requirement 
to provide the capability for capture, docking, stowage and deployment of 
large, heavy payloads. This arm design imposes two main restrictions on 
SRMS when used for a servicing operation. One restriction is in the area 
of reaching around objects. The mounting location of the arm and the two 
degree-of- freedom shoulder joint (as opposed to three degrees) create a 
significant reach restriction problem. The other restriction is the posi- 
tional accuracy of the arm. Currently, it is felt that the present design 
will not have the positional accuracy necessary to pick up modules and 
place them. 
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The concepts shown in Figure IV-23 indicate how spacecraft must be 
mcJuiiiied and located in the cargo bay to provide manipulator arm access to 
the spacecraft servicing areas. To provide complete access to all surfaces, 
the spacecraft will probably have to be mounted on a turntable, A second 
ainn would minimize this problem to a degree. To minimize operational time 
and the hazard avoidance problem, the arm should be programmed for automatic 
control between spacecraft servicing and stowage rack locations. 

3. Servicing Operating Regions in Orb iter Cargo Bay 

An important consideration in the comparison of an on-orbit servicer, 
EVA and SRMS for performing servicing on large and small spacecraft is the 
cargo bay operating regions in which each can function. 

Pivoting Arm Servicer - One orientation of the pivoting arm servicer 
can accommodate both large and small spacecraft effectively. Figure IV-19 
illustrates the cargo bay layout that was arrived at. It is shown at the 
forward end of the cargo bay and at a height were monitoring from the crew 
quarters' window can be utilized in the servicing operation. Aside from 
this advantage, the servicer could be located anywhere in the bay that the 
SRMS can place it and dock spacecraft to it. There is also the obvious 
interference with other spacecraft located in the bay. However, scheduling 
of the sequence of program operations on a particular flight could result 
in a lot of available space in the bay. However, the pivoting arm servicer 
does accommodate well to this type of a restriction if it exists, 

EVA Servicing - Few restrictions on location of the stowage rack and 
spacecraft are imposed by using an EVA servicing approach (Figure IV-24) . 

It is very flexible to this factor. There is a need for the astronaut 
to get around other 15- foot diameter spacecraft which might be in the 
bay and a need for clear access to the hatch to the orbiter airlock. 

SRMS Servicing - The large manipulator appears at first level of invest 
gation to be very flexible as far as reach capabilities in the cargo bay. 
However, as geometric layout drawings are made, it becomes obvious that the 
SRMS has a considerable number of reach access problems for a variety of 
reasons. A representative functional layout for servicing small spacecraft 
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Figure IV-24 EVA Large Spaoeoraft 

in the cargo bay is shown in Figure IV-25. For this type of orientation the 
arm can be seen to have interference with the stowage rack if it is moved 
further forward. As the stowage rack and spacecraft are moved more aft than 
shown, a point is reached where the arm once again interferes with the stowage 
rack. Details on this are summarized in a table later in this section. 

Servicing operations with large spacecraft present different geometric 
locating problems in the bay than for small spacecraft. An effective 
configuration for SRMS servicing of large spacecraft like the LXRT is shown 
in Figure IV-26. The spacecraft is tilted 45 degrees aft from vertical out 
of the bay and is mounted to a support structure which is approximately 15 
feet above the sills. This represents the most effective layout, but it has 
the disadvantage of requiring a very large support structure. The support 
structure must also be made so that it does not interfere with the manipulator 
removing modules. This is an effective layout for small spacecraft also, but 
it would not be practical to pay the penalty of the large support structure. 

Summary of Servicer Operating Regions in the Cargo Bay - The dimensional 
details of the conclusions drawn on the operating regions for each of the 
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three visiting systems are summarized in Table IV-26. The pivoting arm and 

.EVA servicing result in no significant difficultues with respect to location 
in the cargo bay. 


Table IV-2S Comparison of Operating Regions in arbiter Cargo Bay 


4. 


SPACECRAITSIZE 


EVA 

SRMS 

1 PIVOTING ARM I 

SMALL 

LARGE 

SMALL 

LARGE 

PERPEN- 

DICULAR 

MOUNT 

LARGE 

45° 

MOUNT 

SMALL 

1 /^Rr>F 

DIRECTION OF MODULE RE- 
MOVAL 

EVA HATCH CLEARANCE 

AXIAL PRE- 
FERRED 

AXIAL PRE- 
FERRED 

AXIAL PRE- 
FERRED 

AXIAL OR 
RADIAL 

AXIAL OR 
RADIAL 

AXIAL 

ONLY 

AXIAL 

ONLY 

■AMOUNT OF 
CARGO BAY 
USABLE 

SPACECRAFT 

MOST OF 
BAY 

(ALL ARE RE 

MOST OF 
BAY (RE- 
STRICTED 
BY APPEN- 
DAGES) 

JTRICTED SOM 

"■ ' NEEC 

15 (1 

ED FOR ALL 

AXIAL-36' 

RADIAL-29' 

30 ft 

MOST OF 
CARGO 

MOST OF 
CARGO 
BAY 
USABLE 

7) 

STOWAGE 

RACK 

21 ft 

;WHAT BY Wl 

AXIAL-46' 

AFT 

RADIAL-21' 

AFT 

lERE THE SRMS 

27 ft 

:AN DOCK A 

BAY 

USABLE 

SP AC EC RAF 

GENERAL CONDITIONS 


MOUNT i 

SPACE- 
CRAFT 
VERTI- 
CALLY 


FOR RADIAL 
REMOVAL A 
ROTATABLE 
TABLE IS 
REQUIRED 

r- 



CONCLUSIONS 

NO AP- 
PARENT 
DIFFICUL- 
TIES 

NO AP- 
PARENT 
DIFFICUL- 
TIES 

LIMITED 

USABLE 

SERVIC- 

ING 

REGION 

LIMITED 

USABLE 

SERVICING 

REGION. 

REQUIRES 

ROTATABLE 

SUPPORT 

STRUCTURE 

LIMITED 

USABLE 

SERVIC- 

ING 

REGION ■ 

NO AP- 
PARENT 
DIFFICUL- 
TIES 



NO AP- 
PARENT 

difficul- 

ties 


SPACECRAFT/STOWAGE RACK MUST BE MOUNTED AFT OF THE EVA 


Servicer Equipment Requirements 


The servicer equipment requirements for each visiting system servicer 
have been listed in Table IV-27. The equipment required has been divided 
xnto three categories: (1) servicing concept, (2) STS, and (3) spacecraft. 

This has been done so the technical and cost impacts in each of the cate- 
gories can be assessed. None of the equipment required poses a question of 
technical feasibility. STS baseline equipment is assumed to be used where 
applicable, e.g., docking mechanisms and aids. The cost impacts resulting 
from weight and stowage volume for the equipment are assessed in the cost 
analyses. 

5. Visiting System Comparison Results 

Summaries of the advantages and disadvantages for each of the three 
visiting system servicers are presented in Tables IV-28, 29, and 30. The 
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Table IV -2,7 Summary of Servicer Equipment Required 



PIVOTING ARM SERVICER 

EVA 

SRMS 

SERVICING 

CONCEPT 

EQUIPMENT 

MODULE STOWAGE RACK 
SERVICER MECHANISM 
INTERFACEWITH DOCKING DEVICE 
MODULE STOWAGE RACK ADAPTERS 
SPACECRAFT SUPPORT STRUCTURE 
(LEO) 

MODULE STOWAGE RACK 
SPACECRAFT SUPPORT FRAME 
TRANSLATION AIDS AND 
TETHERS 
SIMULATION 
GREW TRAINING TIME 
MOCKUPS 

SPECIAL PURPOSE END EFFECTOR 
SPACECRAFT SUPPORT FRAME (ROTATABLE) 
MODULE STOWAGE RACK 
ADDITIONAL ARM IF NEEDED 
SIMULATION 
CREW TRAINING TIME 
MOCKUPS 

STS 

EQUIPMENT 

DOCKING MECHANISM 1 
DOCKING SENS OR/A IDS HEO 
LIGHTING j 

SHUTTLE REMOTE MANIPULA- 
TOR SYSTEM (DOCKING/DE- 
PLOYMENT) 

DOCKINGSENSORS AND AIDS 
LIGHTING 
SIMULATORS 
NEUTRAL BUOYANCY 
MOVING BASE 

SHUTTLE REMOTE MANIPULATOR SYSTEM 
DOCKING SENSORS AND AIDS 
LIGHTING 

SPACECRAFT 

EQUIPMENT 

DOCKING MECHANISM 
DOCKING SENSORS/AIDS 
REPLACEABLE MODULES 

- [ 

DOCKING MECHANISM 
DOCKING AIDS 
HANDRAIL AND TETHER FAS- 
TENERS 

REPLACEABLE MODULES ' 
ACCESS TO MODULES 
CREW SAFETY 

DAMAGE-SENSITIVE SURFACE 
PROTECTION 

DOCKING MECHANISM 
DOCKING AIDS 
REPLACEABLE MODULES 
ACCESS TO MODULES 


Table IV-28 Pivoting Arm On-Orbit Servicing Summary 


ADVANTAGES 

DISADVANTAGES 

APPLICABLE TO BOTH LEO AND HEO 

SERVICING TASKS ARE LIMITED TO MODULE 

DEVELOPMENT FOR LEO AIDS GROWTH TO 

REMOVAL/ REPLACEMENT 

HEO 

REQUIRES DEVELOPMENT OF A SERVICER 

TOTAL MODULE EXCHANGE TIME IS LOW 

MECHANISM 

EVA IS AVAILABLE FOR EVALUATING AND 

MODULE REMOVAL DIRECTIONS LIMITED 

HANDLING CONTINGENCIES ( cO) 

SRMS IS AVAILABLE FOR OUTSIZE MODULE 
EXCHANGE (LEO) 

REQUIRES MINIMAL OPERATOR TRAINING 

MINOR MODULE LOCATION RESTRICTIONS 
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Table IV- 29 EVA Servicing Summary 


ADVANTAGES 

DISADVANTAGES 

SPACECRAFT MUST BE DESIGNED FOR 

MODULES CAN BE LOCATED ANYWHERE ON 

SPACECRAFT 

EVA 

SPACECRAFT CONFIGURATION IS NOT RE- 
STRICTED 

PRESENT EVA DEVELOPMENT IS FEASIBLE 
ONLY TO SERVICE SPACECRAFT IN LEO 

MINIMUM DEVELOPMENT IS REQUIRED 
(SKYLAB EXPERIENCE) 

CREWMAN SAFETY 

MAN IS AVAILABL'' ON LOW EARTH ORBIT 
SHUTTLE MISSIONS 

OPTICAL SURFACE AVOIDANCE 

man has ABILITY TO PERCEIVE ABNORMAL 
CONDITIONS AND COMPENSATE FOR 

TRAINING REQUIREMENTS 

THEM 

SPACECRAFT MUST BE DESIGNED TO AC- 
COMMODATE ATTACHMENT OF TRANSLA- 
j TION AND TETHER AIDS 

MODULEJLATCHES can BE COMP ATI BLE 
WITH A HEO SERVICER 

TOTAL EVA TIME REQUIRED IS WITHIN 
BASELINE LIMITS (2.5 hr REQUIRED) 

MECHANICAL FASTENERS MUST BE DE- 
SIGNED SPECIFICALLY FOR SUITED 

MAN CAN DO BROADER RANGE OF StRVIC- 

OPERATION 1 

ING ACTIVITIES THAN MODULE EXCHANGE 

EXTERIOR EQUIPMENT AND THERMAL CON- 

UTILIZES EXISTING SHUnil BASELINE 

TROL SURFACE PHYSICAL CONTACT 

equipment 

AVOIDANCE 


TIME REQUIRED FOR PRE-EVA (3.5 hr) 
AND POST-EVA (1.5 hr) 


Table lV-30 SRMS Servicing Summary 


ADVANTAGES 

DISADVANTAGES 

UTILIZES EXISTING SHUTTLE BASELINE 

LIM ITED TO SERV 1C 1 NG SP ACECRAF 1 N 

EQUIPMENT 

LOW EARTH ORBIT 

COST OF ONE ARM IS CHARGED TO THE 

IF SECOND ARM IS REQUIRED, V:IEIGHT 

SHUHLE ORB ITER 

I S CHARGED TO THE PAYLOAD 

SERVICING CAM BE PERFORMED ON 

OPERATOR ERROR CAN BE DAMAGING TO 

MULTIPLE SURFACES OF THE SPACECRAFT 

THESPACECRAF 

GOOD FLEXIBILITY IN THE TYPES OF 

RESTRICTS OPERATIONS OF SHUTTLE OR- 

TASKS THAT CAN BE PERFORMED 

BITER DURING THE SERVICING ACTIVITIES 

MAN IS AVAILfABLE FOR; 

CONTINUOUS OPERATION OF ARM: 
MONITORING OF SERVICING STATUS: 

EVALUATING AND HANDLING CON- 
TINGENCIES 

COMPATIBLE WITH MISSION SCHEDULE 
CONSTRAINTS 

ADAPTABLE TO BROADER RANGE OF SER- 
VICING ACTIVITIES BY USING MORE 

TRAINING REQUIREMENTS 

DEXTEROUS END EFFECTOR 

.. 
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analyses o, this section and an evaluation of the advantages and disad- 
vantages fot each visiting system have resulted In the following conclusions. 

1. The on-orblt servicer maintenance concept Is reconwended as being 
the most effectiveo 

The on-orhlt servicer, extravehicular activity, and shuttle remote 
manipulator system are all technically feasible. 

Only the on-orblt servicer Is applicable to both tug and arbiter 
based missions. 

Design of the spacecraft for EVA Is an Important factor to 
consider in the cost analyses, 

5. The additional support structure necessary for large spacecraft for 

EVA and SRMS maintenance requires a larcta at-nr •* 

^ ® stowage volume which will 

have a concurrent launch cost penalty. 

The addition of a module exchange capability to the SEMS represents 

e srgnrfrcant Increase In Its design requirements and accuracy, and 
Will result in a cost impact. 


2 , 


3. 


4, 


6 , 
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V. SPACECRAFT INTERFACE ANALYSIS 


The design of spacecraft so that they can be serviced on-orbit using a 
module exchange form of on-oribt servicer is an important aspect of orbital 
servicing. Each of the prior studies presented serviceable designs of their 
spacecraft so a good positive data base existed. The lOSS was not intended 
to delve deeply into specific serviceable spacecraft and thus did not. How- 
ever, certain subjects were addressed to help develop our understanding of 
serviceable spacecraft. 

The geometric interfaces between the spacecraft, modules, docking sys- 
tem, servicer mechanism, stowage rack, and carrier vehicle have been addressed. 
Part of the discussion is in Chapters IV and VIII and part is here. Con- 
sideration was given as to how the characteristic set might be configured for 
servicing and how the pivoting arm and general purpose manipulator forms of 
servicer mechanisms interact with the identified configurations. It was con- 
cluded that the lOSS is in agreement with prior studies that spacecraft can 
be designed to be serviceable with acceptable design, weight, and volume 
effects. The pivoting arm using axial module replacement was found to be 
compatible with serviceable spacecraft configurations that make greatest use 
of the STS capability. 

A discussion of module characteristics is used to introduce module data 
from the Operations Analysis study and to show that modules need not be over- 
ly large or unduly small. Spacecraft composed of ten to 20 modules seem 
appropriate. 

The important mechanical interface between modules and spacecraft (and 
stowage rack) was addressed significantly in the contract. That work is 
summarized here in the form of design criteria or guidelines, two specific 
SRU interface mechanism designs, an end effector design, and engineering test 
units of these items. 

The influence of rendezvous, and more particularly docking, upon on-orbit 
servicing is discussed. There is much work to be done and emphasis should 
be given to convincing the user that rendezvous and docking will be opera- 
tional and safe. 

V-1 


A. SPACECRAFT CONFIGURATIONS FOR SERVICING 

The prior studies of Chapter II concluded that spacecraft could be de- 
signed to be serviceable. To have a study reference against which the pivot- 
ing arm and general purpose manipulators could be evaluated, the characteristic 
set of spacecraft were configured for servicing as representatives of the total 
maintenance applicable spacecraft set. As the BESS data was not available it was 
not included in this analysis. The configurations were to consider pri- 
marily module sizes, but with some consideration given to location 
requirements. It was found that, to a first level, spacecraft can be made 
serviceable without mission objective penalties and that the pivoting arm 
and general purpose manipulator servicers can accommodate a wide range of 
spacecraft characteristics without excessive configuration penalties. 

The factors to be evaluated were: 

1) Effect of modularizing the spacecraft on its size and shape, 

2) Effect of larger module envelopes to allow for servicer access 
and removal clearance, 

3) Effect of designing for "status quo" or "maximum STS efficiency," 

4) Effect of allowance for a docking mechanism, and 

5) Comparison of configurations based on axial vs radial module 
replacement motion. 

The conditions of the evaluations were: 

1) Use of all spacecraft in the characteristic set except BESS, 

2) Module densities 50% greater than those used in the Operations 
Analysis study (Chapter XI, Items F-19 and -20). This increase 
was based on the DSCS II work of TRW, the PUT work of Fairchild, 
and MMC experience, 

3) Geometrical interfaces only were to be considered, 

4) Single servicing missions on body stabilized spacecraft, and 

5) The basic resources for orbital servicing were available (time, 
volume capacity, and weight capacity). 
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It became apparent that there are at least two configuration policies 
available which might be denoted as "status quo" and "maximum STS efficiency." 
"Status quo" configuration attempts to preserve expendable spacecraft en- 
velopes and surface orientations while "maximum STS benefit" configuration 
strives to result in the most efficient use of the STS resources. Both are 
recognized; however, a preferred recommendation is not available at this 
time. The "status quo" approach recognizes that if servicing is possible 
with little overall envelope change or compromise to mission objectives, user 
acceptance may follow easily. On the other hand, the "status quo" configur- 
ation may not fully utilize the benefits and efficiencies of the STS. The 
"maximum STS benefit" approach does use all these potential capabilities. 

This latter approach may involve a greater impact on spacecraft design 
tradition" affecting cost through overall management requirements, resource 
development and testing of spacecraft. 

The expendable forms of the characteristic set of spacecraft are shown in 
Fig. I-l. Five of the six were configured as follows: The complement of 

modules was taken from the Operations Analysis (OA) work (Chapter XI, Items 
F-19 and 20) along with their weights. Where the OA modules were too small 
they were combined into larger modules. The OA weights were adjusted down- 
ward to allow for the heavy baseplates used by OA. The volumes were then 
computed using a set of densities representing best estimates from the DSCS 
II work of TRW, the PUT work of Fairchild, and MMC experience. Values ranged 
from 15 Ibs/ft^ for electronics to 35 Ibs/ft^ for electrical power systems. 

A representative upper bound on module length of 40 in. was selected based on 
cargo bay length considerations and some preliminary layouts, ^fhe access 
space was taken as four in. on the interface mechanism side and one in. on all 
other sides of each module. 

The resulting configurations are shown in Figs. V-1 through V-5. The 
module designations are those of the Operations Analysis study except for 
Fig. V-3, the International Communications Satellite, which is an early con- 
figuration prepared by COMSAT Labs. The "status quo" concept of the UAE 
takes the form of two tiers of modules. It requires two docking interfaces 
for the pivoting arm servicer and one docking interface for the general pur- 
pose manipulator. It has a diameter more than half of the orbiter cargo bay 
diameter and thus does not store efficiently in the cargo bay. The "maximum 
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STS efficiency" form of the IJAE takes advantage of the full orbiter cargo 
bay diameter and is commensurate with the tug diameter. Should the launch 
cost reimbursement policy include a cost increment based on cargo bay length, 
then the flat disk form of spacecraft will be more widely used. The "maximum 
STS efficiency" form of the UAE requires one docking interface for the pivot- 
ing am servicer and cannot be easily serviced by the general purpose 
manipulator. 

The flat disk configurations; e.g., Fig. V-1, suit axial module removal 
by the pivoting am. When the general purpose manipulator is used for radial 
module removal then the modules toward the center cannot be reached directly. 
The alternatives include lining the module up two deep as in right-hand side 
of Fig. V-5 and taking out the outboard module and then the second module. 
Another approach is to use two tiers of modules as shoxm on the left-hand 
side of Fig. V-5. Generally, radial module removal results in some loss of 
access to the central area of the spacecraft. This loss in volumetric 
efficiency can be up to 30%. The axial removal approach suffers when the 
"status quo" configuration is used and the spacecraft takes the fom of two 
tiers of modules. In this case, the pivoting am must be docked separately 
at each end of the spacecraft. The spacecraft configurations used in the 
reference documentation were also reviewed. It was found that all of the 
specific spacecraft configurations were adaptable to axial module removal 
and some used radial module removal. Thus, axial module removal has a slight 
preference. 

The general purpose manipulator can perfom axial module replacement by 
using a central docking system that provides adequate module removal space 
between the spacecraft and the stowage rack. Similarly, the pivoting am 
can be extended and degrees-of-freedom added so that it can reach outside 
the spacecraft and replace modules radially. 

In addition to the mechanical fastening between SRUs and the spacecraft, 
the following possible connector needs were identified 1) electrical, 

2) waveguide, 3) fluid, and 4) themal. Black box electrical connections in 
spacecraft have tended to run to the hundreds of pinS spread over several 
connectors per box. The problems of mating and demating this large number 
of pins seems difficult. The weight of electrical harness involved has been 
leading towards signal multiplexing or the data bus approach. This results 
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in a few signal and data pins per box and effectively provides many more 
inputs and putputij through the multiplexing function, A similar trend ex- 
ists with regard to electrical power. Power is distributed at one voltage 
to all boxes, then each box converts to the variety of voltages and fre- 
quencies needed within the box. In this way the total number of electrical 
connections per box, including redundancy, can be kept to less than 20 in 
one or two connectors. This level of connectors and pins is very adaptable 
to integration into the mechanical fasteners. 

Waveguide connector adaptations to serviceable spacecraft have been 
addressed by COMSAT Labs in their parallel study. They have conceived a 
basis for waveguide connections for space serviceable spacecraft. It has 
been possible to avoid fluid connections in our spacecraft configuration 
analysis and they were avoided in all of the prior studies. In each case a 
thruster set and its propellant tank were packaged in the same module, with 
four modules per spacecraft to provide full attitude control. This indi- 
cates that fluid connectors are not necessary. However, there are some 
advantages in being able to interconnect propellant tanks to compensate for 
some kinds of RGS failures. It is thus recommended that development of 
fluid connectors be initiated. 

The thermal aspects of serviceable spacecraft have been addressed to a 
first level with most approaches being to treat each module separately and 
minimize inter-module heat flow. The PUT study (Chapter XI, Item K-8) did 
use heat pipes to conduct heat from the inner modules to the spacecraft ex- 
terior. The UOP study (Chapter XI, Item M-13) incorporated heat flow paths 
through its baseplate to conduct heat from modules to the far side of the 
spacecraft. This suggests that the development of a thermal conductor 
be initiated to increase the number of thermal design alternatives avail- 
able. 

The question of module alignment accuracy was briefly addressed. Based 
on Martin Marietta’s LST study contract information, we concluded that in- 
strument change-out is feasible in most cases. Alignment accuracy requirement 
will in some cases require the development and addition of different calibra- 
tion techniques. The current SRU interface mechanism designs are predicted 
to have an alignment accuracy of O.OOl in. in translation and 15 arc seconds 
in rotation. This accuracy is a factor of four better than the accuracy 
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gnment of the rnstruments end guidance sensors when they are replaced as 

modules by EVA. Their design accuracies ere- 0 004 in i! r 7 = 
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results of this section may be summarized as: 

1) To a first level, spacecraft can be made serviceable without 
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coordinate development, 
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density/weight penalties for servicing, 
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efficiency has more Impact to spacecraft than servicer, and 

ITT ddcoHModate a wide range of space- 
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The above analysis used standardized subsystem modules from the OA study. 
This indicates that on-orbit servicing in the form of module exchange is 
compatible with standardized subsystems. However, there was nothing in the 
above analysis that required that the modules be standardized. The SRU inter- 
face mechanisms must be standardized, but the modules need not be standardized. 

B. SPACE-REPLACEABLE UNIT CHARACTERISTICS 


The characteristics of the space-replaceable units, or modules, that were 
used have been drawn primarily from the Operations Analysis study (Chapter 
XI, Items F-14 through 27)* The module data is briefly described here for 
reference purposes. The OA study considered 29 spacecraft of which 26 were 
in the lOSS maintenance applicable set. They examined the SSPD definition of 
each spacecraft, each spacecraft subsystem, and the major subsystem elements. 
They cross-compared the data for each subsystem and arrived at a set of 
standardized subsystem modules. Table V-1, taken from Item F-20 of Chapter 
XI, shows the form of the data for the attitude and velocity control subsys- 
tem. The spacecraft were then configured from these standard modules as 
shown in Fig. V-6 for the Large X-Ray Telescope, also from Item F-20 of 
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Chapter XI. The figure also lists some pertinent summary data as well as 
the mission equipment required. The details of the LXRT mission equipment 
are given in Table V-2 from Item F-19 of Chapter XI. The mission equipment 
was taken directly from the SSPD and then the serviceability aspects of base- 
plates, environmental control, mechanism, and electrical distribution and 
power conditioning were added by Aerospace Corporation'. 

Spacecraft module packaging density is one of the drivers affecting both 
spacecraft configuration for servicing and the identification of performance 
overhead due to the module stowage rack and STS interfaces of both the tug 
and orbiter. Shown in Table V-3 is a brief sample of the range of packaging 
densities found in the literature along with the values used in this lOSS. 
These densities determine the volume required, center of gravity migration, 
ACS stabilization propellant, and spacecraft to servicer interface geometry. 
Therefore, since the range of values is relatively great, subsequent studies 
should Identify ana refine this impact. 

Table V-3 Module Density Comparison 
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30 

NOTE; THE 3:1 REDUCTION IN DENSITY WHEN MODULARIZATION IS USED. 


Another basis for estimating module sizes is the data pertinent to the 
on-orbit servicer stowage racks. This data is sho^vm in Fig. V-7 for eight 
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Figure V-7 Module Characteristics of Servicer Stowage Racks 

different on-orbit servicers. The module volumes range from two to 40 cubic 
feet, corresponding to 1,25 to 3.4 foot cubes, and then up to the size of the 
orbiter cargo bay for the SRMS. The number of modules that can be stowed in 
the stowage rack are generally eight to 28 with the exception of the pivoting 
arm and the SRMS. The DSGS II study examined three levels of modularization 
for the DSCS II with 8, 15, and 30 modules. The lightest module was 7 lbs 
and the heaviest 487 lbs with corresponding volumes of 1.8 ft and 32 ft . 
Average nonpropulsive module weights were 34, 68, and 181 lbs for the three 
SRU sizes. The DSCS II propulsion modules were large; 200 and 450 lbs for 
reaction control and stationkeeping, respectively, because of the DSCS II 
ground rule to initially provide enough on-board propellant for a ten-year 
lifetime. The EOS studies used just four subsystem modules, each of which 
was 24 ft^ with weights ranging from 100 to 300 lbs. They also used three 
pieces of mission equipment weighing from 60 to 360 lbs. It can thus be 
seen that the range of module sizes and weights considered have covered a 
wide range. However, the OA study weights and the Martin Marietta sizes 
(section A above) can be taken as representative of what can be done if 
an attempt is made to avoid the outsize modules. The result is a set of 
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spacecraft configured from reasonably sized modules that can be effectively 
handled by an on-orbit servicer mechanism. 


C. SPACE REPLACEABLE UNIT INTERFACE MECHANISMS 

The maintenance concept analysis of Chapter IV and the spacecraft con- 
figuration analysis above led to the conclusion that the SRU interface 
mechanisms represented a very significant interface and thus required further 
study. An effort was initiated to identify the criteria or design guidelines 
for an SRU interface mechanism and then to search the literature for a suit- 
able concept. The process identified .some 12 interface mechanisms. None of 

the concepts satisfied all of the design guidelines, although the Gramman 
Aerospace Corporation earth observatory satellite concept was better than 
any of the others. This resulted in an interface mechanism based on the 
Grumman and TRW DSCS II concepts being designed. This concept involved side- 
mounting of modules in the spacecraft. After discussion with MSEC of the 
relative merits of side-mounting modules versus bottom-, or end -mounting of 
modules and the implications of these two approaches on spacecraft structure, 
it was decided that a bottom-mounted SRU interface mechanism, based on an 
MSEC concept, would be designed and that engineering test units of both the 
bottom- and side-mounted units would be built along with a single end effector 
adaptable to both mechanisms. 


Of the various interfaces between spacecraft and servicer and spacecraft 
and rendezvous and docking system, it became apparent that the SRU interface 
mechanisms were quite significant. The servicer mechanism must attach to 
each module so it can transport the module between the stowage rack and the 
spacecraft. Each module must be latched into the spacecraft and into the 
stowage rack. Associated with these operations are mating/ demating of con- 
nectors of several types and status indication. As there is one interface 
mechanism for each module, the cumulative weight and volume effect is import- 
ant. There also is an important interaction between the interface mechanism 
"capture volume", the servicer mechanism accuracy, and the servicer control 

system. 


1 . Interface Mechanism Requirements 

The elements involved in the attachment of the servicer mechanism end 
effector to the module (designated the attach) and the module to the space- 
craft or stowage rack (designated the latch) are shown in Fig. V-8. The 
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Figure Y-8 Interface Mechanism Elements 

elements shown represent the parts of the system involved. It is important 
that all the elements be considered when setting down design guidelines and 
evaluating existing designs. A range of terminology has been used by industry 
in the module exchange arena. This results naturally in some difficulty in 
understanding and comparing designs. The subassemblies and elements shown in 
Fig. V-8 are an attempt to establish an explicit terminology for this study. 
As seen in the figure, the attachment mechanism used to attach the end- 
effector to the module is called the attach. The latching mechanism used 
to latch the module to the spacecraft or stowage rack is called the latch. 

The interfaces bewteen the end effector, module, and spacecraft are performed 
by what is designated as a baseplate which hard-mounts to the module and a 
baseplate interface receptacle which hard-mounts to the spacecraft. A simi- 
lar baseplate interface receptacle is used between the baseplate and the 
stowage rack. 

The functional steps necessary module exchange were identified and 
broken down to a sufficient level of detail to allow the identification of 
alignment interfaces and error sources to be performed correctly. The 



alignment was considered in six degrees of freedom for each subassembly and 
element, and the location of the coordinate system was also considered. The 
alignment interfaces for each step of the module exchange sequence were 
identified so that the error contributions could be properly assigned. Sone of 
the error sources contributing to the misalignments which must be accommodated 
to realize the desired final alig.iment are given in Table V-4. The determina- 
tion of the magnitudes of these errors and their contributions to the 

Table V-4 Alignment Error Sources 

SERVICER MECHANISM 

END EFFECTOR (ATTACHILATCH ACTUATION) 

BASEPLATE 
AHACH INTERFACE 
LATCH 

ALIGNMENT GUIDES 
CONNECTORS 

BASEPLATE INTERFACE RECEPTACLE 
LATCH INTERFACE 
ALIGNMENT INTERFACE 
CONNECTOR INTERFACE 
SERVO POS ITIONI NG ACCURACY 
DOCKING SYSTEM ACCURACY 
LOCATION OF LATCH ACTUATOR AXIS RELATIVE 
TO ATTACH AXIS 

misalignments of the attach and Ittch interfaces must await a more detailed 
definition of the docking system as well as initiation of a subsequent study. 

The selected system and element level guidelines are given in Table V-5. 
Many of these are logical extensions of the servicer mechanism criteria and 
need not be discussed further. By requiring the attach and latch forces and 
moments to be transmitted through the interface mechanism structure (base- 
plate) , the spacecraft module designer does not have to provide spacecraft 
load-carrying paths within the module. Also, the load-carrying paths can 
usually be kept shorter by controlling them within the baseplate and its 
mating receptacle. This should result in a weight savings. The servicer 
mechanism should only be designed to transmit low level forces for initial 
capture and alignment but not final lockup. A significant savings in weight 
results from this approach. When the attach-latch forces and moments are 
applied within the end effector and baseplate, a balanced load path geometry 
can be realized and the loads can be contained within the immediate structure. 
Simulations at Martin Marietta have indicated that a force of 20 lbs should 
be adequate for module exchange. 
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Table Y-5 Design Guidelines 


AHACH-IATCH SYSTEM LEVEL DESIGN GUI DELINES 

impose Minimum Restrictions on the Spacecraft and Module Designers 

- Allow Flexible and Efficient Packaging of Modules on Spacecraft 
and Stowage Device 

- Accommodate a Wide Range of Module Sizes and Masses 

- Baseplate Transmits All Forces and Moments 

- Accommodate a Range of Connector Types and Forces 

Accommodate Misalignment in Six Degrees of Freedom 

Minimize Weight and Volume 

Require Servicer Mechanism Forces of Less Than 20 lbs 

Be Compatible with Operation by Astronaut 

Provide Nonredundant Module Support 

Accommodate Orbiter Crash Loads 

Allow for Thermal and Structural Deflections 

ATTACH-LATCH ELEMENT DESIGN GUIDELINES 

APPLICABLE TO ATTACH AND LATCH 

Provide a Two- Stage Engagement: Capture and Lockup 

Provide Separation Forces 

Generate Operational Status Signals 

Utilize an Actuator Located in End Effector 

Accomplish Capture under Required Misalignment 
Tolerances (6 DOF) 

Make Final Alignment to Required Accuracy (6 DOF) 

Minimize Sliding Friction Areas 
AHACH ONLY 

Use a Passive Interface on Baseplate 
LATCH ONLY 

■ Use a Passive Interface on Spacecraft 

Provide Load Paths at Final Alignment to Handle Orbiter 
Crash Loads 

Avoid Initial Module to Opening Close-Fit Requirement 
Provide Positive Lockup Device 
Provide Connector Make/Break Forces 


The non-redundant module support approach is recommended to minimize 
module location inaccuracies and to avoid transferring bending and thennal 
loads to or from the spacecraft and module. A two-stage engagement, capture 
and lockup, is dictated by the fact that capture misalignments are considera- 
bly larger than the final alignment requirements. The two stages also result 
frcar the fact that the forces applied during the capture stage come from the 
servicer mechanism and during the lockup stage they come from an actuator in 
the end effector. The recommended approach of using a latch mechanism 



actuator located in the servicer mechanism end effector results in (1) a single 
actuator for each servicer, (2) simple control via electrical signals, (3) a 
system that can be made very stiff, and (4) a lower overall system weight. 

The disadvantage is the need for a mechanical drive-powei* interface, an inter- 
face which is not very difficult. 

One approach that seems useful, though not categorized as a design guide- 
line, is to think of the interface mechanism as being made as a two-part 
kit - one part of the kit to be mounted on the spacecraft and the other part 
to be mounted on the module. In this way each designer, spacecraft and module, 
would know what the interface was and thus would not need to develop a new 
latch concept for each spacecraft. Rather, one kit concept might be used 
across all spacecraft. The variety of module sizes might dictate several 
sizes of latch kits, but they could all use the same basic design and the 
same attach interface. 

2. Interface Mechanism Evaluations 

This paragraph reflects the processes by which the 12 interface mechanism 
concepts of the literature were evaluated against a set of criteria applicable 
to the wide range of spacecraft and modules contained in this study's mainte- 
nance applicable set. The 12 concepts were associated with the 15 servicer 
concepts discussed elsewhere in the study, augmented by three recent design 
studies on the earth observatory satellite (EOS). None of the interface mecha- 
nism concepts satisfied all the criteria or design guidelines because each of 
the concepts was designed to suit a limited spacecraft sample or was con- 
strained by a particular servicer mechanism. The Grumman Aerospace Corporation 
EOS concept is better than the other concepts with the TRW DSGS II concept 
also satisfying a large number of the criteria. 

It was not intended to develop a relative ranking of interface mechanism 
concepts; rather the intent was to identify, from the literature, an exist- 
ing concept that could be further defined. While the search was unsuccessful, 
much was learned that helped lead to our design. 

The 12 latch/attach mechanisms identified are listed in Table V-6 by 
reference to the originating organization with modifiers as necessary. The 
mechanisms have been grouped, in the case of the EOS designs, where four 
functionally similar alternatives were created by four different organizations. 

V-17 


Table V-6 SRU Interface Mechanisms 


McDonnell DOUGLAS astrionics company direct access 

(K-8) 

AEROSPACE CORPORATION (F-19) 

BELL AEROSPACE CARTESIAN COORDINATE lK-1) 

ROCKWELL INTERNATIONAL - UOP-B (INTERNAL) (M-131 

ROCKWELL INTERNATIONAL - GEOSYNCHRONOUS PLATFORM 
DEFINITION STUDY (M-6) 

TRW SYSTEMS INC. PIVOTING ARM (N-14) 

MSFG - PUSHROD LI NKAGE CONCEPT ) ( I NFORMAL 
MSFC - CABLE LINKAGE CONCEPT i I COMMUNICATION 
SPAR/DSMA CARGO BAY ONLY - EOS (0-1) 

GRUMMAN AEROSPACE CORPORATION - EOS (1-8) 

GENERAL ELECTRIC -EOS (H-12) 

TRW SYSTEMS INC. - EOS (N-7) 

The primary specific references used for the detail data on the concepts of 
the table are given in Chapter XI by the item numbers in parentheses. 

The important ground rules used in this evaluation were; (1) spacecraft 
designed to be serviceable, (2) module exchange only, and (3) all modules are 
located on one or two separate docking faces or in one or two adjacent tiers. 
The various detail mechanisms identified in the interface mechanisms from 
the literature were related to the system and element guidelines developed 
above to obtain an idea of which mechanisms might be more useful and which 
should not be used for the interface mechanism application. Twelve mechanisms 
such as push-off devices and ball-screw actuators were identified, the full 
list of system and element level guidelines was reviewed and 11, such as base- 
plate transmits all forces and moments and minimize sliding friction areas, 
were selected for use in this part of the evaluation. The result of the 
evaluation is that seven mechanisms were judged to be good, simple, highly re- 
liable items that will be dependable when properly utilized in a design. 

These are: (1) push-off devices, (2) cone/wedge locators, (3) worm gear 

drives, (4) linkage systems, (5) hook latches, (6) rollers, and (7) ball 
screw actuators. 

The 12 interface mechanism concepts of Table V-6 were evaluated against a 
preliminary set of the system and element level guidelines of Table V-5 as part 
of the mechanism screening. Table V-7 is a summary of the evaluation. Each 
interface mechanism design was analyzed to determine if it could functionally 
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Table V-7 Svmmavy of Latch/Attach Evaluation Against design Guidelines 
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ATTACH-LATCH SYSTEM LEVEL DESIGN GUIDELINES 













• Imppse Minimum Restrictions on the Spacecraft 













Designer 

- Accommodate a Wide Range of Module Sizes 

No 

Yes 

No 

Yes 

No 

Yes 

No 

Yes 

No 

Hod 

No 

No 

and Hasses 











- Baseplate Transmits AIT Forces and Moments 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

- Accommodate a Range of Connector Types 
and Forces 

Mod 

No 

Mod 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

• Accommodate Misalignment in Six Degrees of 
Freedom 

No 

No 

No 

No 

No 

Yes 

Yes 

Yes 

No 

Yes 

No 

Yes 

• Minimize Weight and Volume 

No 

No 

Yes 

No 

Yes 

Yes 

No 

Hod 

No 

Mod 

No 

No 

• Require Servicer Mechanism Forces of Less than 
10 Tbs 

No 

Mod 

Yes 

No 

No 

Yes 

Yes 

Yes 

No 

Yes 

No 

Yes . 

• Be Compatible i-ith Operation by Astronaut 

No 

Mod 

Yes 

No 

No 

Yes 

Yes 

Yes 

No 

Yes 

No 

Yes 

• Provide Nonredundant Module Support 

No 

No 

No 

No 

No 

Yes 

Yes 

Yes 

No 

Yes 

No 

No 

• Accommodate Orbiter Crash Loads 

Hod 

Mod 

Hod 

Mod 

Hod 

Mod 

Hod 

Hod 

Hod 

Hod 

Hod 

Hod 

ATTACH-LATCH ELEMENT DESIGN GUIDELINES 


■ 











APPLICABLE TO ATTACH AND LATCH 













• Provide a Two-Stage Engagement: Capture 

No 

Yes 

No 

No 

No 

Yes 

Yes 

Yes 

No 

Yes 

No 

Yes 

and Lockup 












• Provide Separation Forces 

Yes 

Yes 

Yes 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

• Generate Operational Status Signals 

Mod 

Mod 

Hod 

Hod 

Hod 

Hod 

Mod 

Mod 

Hod 

Hod 

Hod 

Hod 

• Utilize an Actuator Located in End Effector 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

• Accomplish Capture Under Required Misalign- 
ment Tolerances (6 DOF) 

v« 

Yes 

No 

No 

No 

Yes 

Yes 

Yes 

No 

Yes 

No 

Yes 

• Hake Final Alignment to Required Accuracy 
(6 DOF) 

■ Minimize Sliding Friction Areas 

No 

No 

No 

No 

No 

Yes 

Yes 

Yes 

No 

. Yes 

No 

Yes 

No 

Yes 

No 

No 

No 

No 

Yes 

Yes 

No 

Yes 

No 

No 

ATTACH ONLY 













• Use a Passive Interface on Baseplate 

Yes 

Yes 

Yes 

Yes 

Y°es 

Yes 

Yes 

Yes 

Yes 

Ves 

Yes 

Yes 

LATCH ONLY 













• Use a Passive Interface on Spacecraft 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

• Provide Load Paths at Final Alignment 
to Handle Orbiter Crash Loads 

Mod 

Mod 

Mod 

Mod 

Hod 

Mod 

Hod 

Mod 

Mod 

Hod 

Mod 

Mod 

• Avoid Initial Module to Opening Close-Fit 

No 

Yes 

No 

Yes 

Mod 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

Requirement 



■ Provide Positive Lockup Device 

Yes 

No 

No 

Yes 

Yes 

No 

Yes 

Yes 

< 

No 

No 

No 

No 


satisfy each of the design guidelines. Thus e design had to have a factional 
capability but not necessarily an optieun design .echanleatron. If the de^ 
sign did not satisfy a guideline. It was given a "no". If It was e 
a minor modification would allow the design to then satisfy a guideUne, 
was designated by "Mod" in the table. 

None of the Interface mechanism concepts satisfied all the system and 
element level design guidelines. This Is mainly due to the fact that eac 
concept was designed to satisfy module exchange for a limited spacecraft 
sample or was constrained by a particular servicer mechanism. The Grumman 
Aerospace Corporation EOS Interface mechanism concept satisfied from a 
functional capability standpoint all but one of the guidelines, ^e TRW 
DSOS II and the MSEC linkage and cable designs were next in satisfying 
largest ntmiber of the guidelines. 

A mechanical design alternatives evaluation was used to examine each of 
the 12 interface mechanism designs against the 12 mechanisms found in the 
various designs. The evaluation was not to pick a best design, but rather to 
Identify that deslgn(s) which satisfies all the requirements. Each design 
was reviewed to Identify *lch mechanisms it used. The Gruaman EOS design 
employed none of the bad mechanisms, all four of the good mechanisms and two 
cut of the three acceptable mechanisms. Thus, it Incorporates a good set 
'mechanisms overall and Is satisfactory for this evaluation. The two MSEC 
concepts used four mechanisms from the good and acceptable categories, w 
only the cables falling In the bad category. The TEW-DSCS II design was 
interesting In that it Incorporated only two good and one bad mechanisms and 
thus is relatively simple. However, If the single screw Is deleted, it 
could be replaced by a combination of a worm gear drive, linkage system, 
hook latches, and rollers. The result would be a more complex desi^ using 
all the good and two of three acceptable mechanisms in what could be a more 
compact representation of the Grumman EOS design. 

The observations and recosMendatlons reached from this analysis and 
evaluation of interface mechanisms are: 

1) None of the 12 attach/latch designs uncovered in the literature 

completely satisfy the design guidelines ‘used, 

2) The Grumman EOS design comes closest to meeting the design 
guidelines and uses the better mechanisms. 




3) The design guidelines postulated and used in this analysis 
appear valid and may be used as the basis of further work, and 

4) A combination of the Grumman EOS and the TRW DSCS II designs 
might well be used as the basis of an effective interface 
mechanism. 

3. Spacecraft Structural Considerations 

While the interface mechanism evaluation did not explicitly address space- 
craft structural arrangements, they are an implicit part of the considerations. 
Each of the servicer mechanisms as well as the interface mechanism designs 
was developed with a spacecraft structural concept in mind. One expression 
of this structure is in terms of how the modules geometrically relate to the 
structure. The Bell Aerospace approach has the modules inset in the space- 
craft, like drawers. The RI-UOP-B approach has the modules fastened to trays 
which are ’’bottom" mounted to a flat spacecraft surface. The TRW DSCS II 
approach has the modules "side" mounted to a deep web structure. The EOS 
approach is to "corner mount" modules to an open frame structure. The liar tin 
Marietta preference, from a mechanisms point -of-view, is for the TRW DSCS II 
approach. The deep webs carry loads very efficiently in shear. The basic 
load carrying structure can be less deep than the modules, thus the structure 
does not add to the spacecraft depth as does the UOP floor. The modules can 
be mounted outside the webs and thus the spacecraft structure can be smaller, 
and hopefully lighter. The electrical cables can be run flat along the shear 
webs and interconnected in the comer thus using the space efficiently. A 
web is soft in torsion about a line in the plane of the web, but this can be 
overcome by using two webs in parallel, properly spaced and interconnected by 
•other webs. The webs can be locally reinforced by hat sections or honey- 
comb to pick up concentrated loads. 

When this deep-web approach is used, the modules are "side" mounted to a 
web. This has led, partially, to a preference for side mounting modules as 
compared to bottom or comer mounting of modules. This preference was re- 
flected in the interface mechanism evaluations. The deep -x^eb form of spacecraft 
structure puts the structure inside where its thermal control is easier, and 
the heat sources in the modules outside where they can radiate to deep space. 

The side mounting of modules makes a TV system more useful in that it can 
be mounted on the mechanism end effector in a way so that it can see both the 
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attach interface and the latch interface. In this way it can be used to con- 
trol (or confirm) attachment and latch operation. 

The MSFC Interface mechanism using the bottom-mounting approach, has been 
evolving for some time as an outgrowth of the unmanned orbital platform defi- 
nition study that MSFC has been using to obtain a better understanding of 
standardized spacecraft. These standardized spacecraft were designed so that 
all the SRUs were mounted to a single flat face. This provides a broad lati- 
tude in selecting location and orientation of each module and the area is not 
broken up by a series of webs so that the area may be efficiently used. The 

moduies are all effectively mounted outside so the modules can radiate to deep 
space. ‘ 

SPn to »hlch of the side- or bottom-mounting 

interface mechanisms is more applicable to the design of serviceable space- 
craft. No answer was found. Both concepts have value. It was thus suggested 
trat ii mighr Be advantageous to design and fabricate engineering test units of 
each latch mechanism and of a compatible on-orbit servicer end effector. The 
two approaches, bottom and side, need not be thought of as competing approaches, 
ut rather both are viable alternatives that will give designers of serviceable 
spacecraft more options in their selection of spacecraft configurations. 

_4. Botto m-Mounted Interface Mechanism 

A bottom-mounted SRU interface mechanism was designed. It was based on the 

MSFC designs and meets all the system and element level guidelines using those 

mechanisms that have previously been defined as good or acceptable. This system 

Will accept SRU modules over a range of sizes from a 15-lnch cube to a 40-lnch 

cube. The engineering test unit that has been fabricated will accept a 26-lnch 
module. 

The design is shown In Figure V-9. The SRU module mounts on the baseplate 
and tne baseplate receptacle mounts to the spacecraft. Connector locations 
are between Che attach pins on the baseplate receptacle. Corresponding loca- 
tions would be on the baseplate. The baseplate mechanism details are shown 
in Figure V-10. The baseplate is Installed over the pins on the baseplate 
receptacle. Initial alignment is, provided by the cones on the bottom of the 
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Figure V-9 Bottom-Mounting Interface Mechanism 
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baseplate. Outrigger spring-loaded rods give the module stability and prevent 
binding on the receptacle pins. After initial alignment is obtained, the 60:1 
worm gear is rotated. This activates the linkage, and hooks on both sides of 
the module engage the rollers in the receptacle pins. Torque is transmitted 
to the linkage on the opposite side of the module via a torque tube. The mod- 
ule is between 1-1/4 and 1-1/2 inches above final lockup and initial hook en- 
gagement. As the baseplate and receptacle are drawn closer together, progres- 
sively larger diameters on the receptacle pins improve alignment until final 
alignment is obtained approximately 0.6 inch above final lockup. 

The mechanism provides approximately 300 pounds of force at initial hook 
engagement. This force increases as the parts come closer together due to the 
toggle action of the mechanism. To maintain lockup the toggle link would be 
slightly over center, held in place by the non-backdriveable worm gear. In 
addition, a detent and spring-loaded ball plunger is provided on the worm gear 
shaft to prevent the possibility of launch vibration loosening the worm gear. 

To remove the baseplate from the receptacle the worm gear is reversed. 

The hooks are lowered and the cam on the linkage engages the roller on the re- 
ceptacle pins. This provides positive disengagement of the connectors and sep- 
tion of the bseplate and recepta 

The latch mechanisms are installed in aluminum housings on each side of 
the module. The housings are connected by two torque tubes; an inner torque 
tube to actuate the latch mechanism, and a 4-inch diameter 0.090 in. wall 
outer tube to carry structural loads. The length of these tubes can be varied 
to accommodate modules of various sizes. Bolt holes and helicoils are provided 
to attach the module to the mechanism housings. The baseplate and receptacles 
are designed to accommodate modules up to 600 pounds and withstand the lOg 
crash loads. Side-load moments are reacted by outrigger pads on the worm gear 
end of the baseplate. 

The bottom-mounted SRU interface mechanism engineering test unit shown in 
Figure V-11 was fabricated. The weight of the baseplate is 22 pounds and the 
weight of the baseplate receptacle is 5 pounds. This could be reduced for 
flight hardware. The mechanism was designed to be operated by the end effector 
used with the side-mounted interface mechanism. This end effector slightly 
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Fi^V-n Bottor..Momted interface mchanlsm Engineering Test Vnit 

. , For flight hardware the end effector would be 

the laws by 90 degrees. This orientation would also be compatible with 
„inor redesign of the side-mounting interface mechanism. 


5. Side-Mounted Inte^cejtecl^lsm 

"T^ign of a side-mounted SRO interface mechanism was prepared. It was 

A design _oo^Q all the system and ele- 

based on the Grumman EOS and TRW DSCS II concepts, meets all the y 

guidelines, and uses only the good and ^ 

_ _ r cTJiT sizes from a 15— in. cune 

adaptable over a rang suitable for modules in the 

engineering test unit has been fabricated which is suitable 


26 inch range. 

The design is shown in Fig. V-12. The module mounts to the baseplate^ 
the baseplate receptacle mounts to the spacecraft. Connector locations 
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Figure V-12 Side-Mounting Interface Meahaniam 

the baseplate receptacle are shown. Corresponding location-, are to be used 
on the baseplate. The baseplate mechanism details are shown in Fig. v-13. 

This mechanism Is a rotating latch linkage device. On Insertion of ' the 

module, the latch link rotates Into the shaped, fixed latch catch assembly, 
firmly fastening the module to the spacecraft, when the link Is reversed the 
module Is forcibly separated from the spacecraft. The link roller eliminates 
sliding friction. The link Is actuated by push rods which are moved by the 
bell crank that Is turned by the worm gear. The worm gear Is a 60:1 ratio 
set. If 27.6 In-lbs of torque (end effector output) Is applied on the worm. 
Initial latch link forces will be between 200 and 300 lbs. This force Is 
more than adequate to force electrical connector halves together. As the 
bell crank approaches center position, these forces Increase many times which 
ensures positive final close. The bell crank will be allowed to pass slightly 
over center for positive lockup. In addition, the non-backdrlveable worm 
gear aids In maintaining latch-up. In the event that during launch, vibra- 
tions would cause this mechanism to back off and loosen, a safety latch Is 
provided on the worm shaft to ensure against module loosening. This safety 
device Is a spring loaded ball, laying In the detented worm shaft ring. The 
60:1 gear ratio allows for the detents to be widely spaced. 
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Final positioning pins are fully engaged in the mating structure xn the 
last 0.3 in. of module travel. The latch links are designed to provide a 
total final module movement of 1.75 in. This is considered to be adequate 
final closing movement for electrical connector engagement, and final align- 

metit . 

Guide rollers are mounted on the housing to guide the module in the rails 
and to provide initial alignment prior to final latch-up and alignment. 

This mechanism is supported in a one-piece aluminum housing and would he 
supplied to the spacecraft module designer with a support mounting beam of 
a length suitable for that particular module. Mounting holes will be pro- 
vided in the mechanism housing and support beam which the spacecraft module 
designer can use for mounting of module equipment as he desires. 

The baseplate mechanism is supplied with a selectable length support 
beam. This 3 in. square tube with an 0.125 in. wall is Intended to act as a 
beam and torsional member as module loading dictates. From this base struc- 
ture (support beam and mechanism housing) . the spacecraft module designer can 
add a floor, shear panels, and equipment support legs as required. The module 
size may be varied to occupy any volume depending on the module mass. The 
module may be flat or cubic in shape. 

This mechanism is designed to support the heaviest module identified in 
the Aerospace Corporation operations analysis study, the 600-lb accelerometer 
module, under crash conditions of 10 g's. For lighter modules, it would 
seem that a lighter mechanism would be in order. This weight may be reduced 
50% for the lightweight modules. It is not practical to design numerous 
sizes of latching mechanisms regardless of mechanism design, but it may be 
feasible to provide possibly two sizes, while maintaining the interface dimen- 
sions. If Just this one size is used, it does not appear to be a great 
weight penalty as the mechanism is not overly heavy as designed. 

The baseplate as shown here is estimated to weigh U lbs, which can be 
reduced for a flight uiiit. 

The baseplate receptacle is shown on Fig. V-12 and consists of a prefabri 
cated assembly containing the guide rails, final ’alignment pin receptacles, 
and the fixed latch catch fittings. These items are all prefabricated and 
supplied to the spacecraft designer as a unit which mounts directly into the 
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,p.c.cr.ft .tructure. Th. .p.cecr.£t designer U not required to loc.te eny 
etching elements o£ the l.tchlng mechenlsm. This Is the kit concept. Guide 
rail lengths can be supplied to suit any module size. 

The final module locating pins are positioned and are adequately sized to 
allow a considerable latitude in the spacecraft module shapes, sizes, and 
masses accommodated. 

The engineering test unit fabricated to this design Is shown In Fig. V-14 


Figure V-14 Side-Mounting Interface Mechanism Engineering Test Unit 

It reflects some changes necessary to meet the tight delivery schedule but 
reflects the Important factors of the above preliminary design. 

6. On-Orbit Servicer End Ef fector 

The end effector concept Is an extension of our prior work on general pur- 
pose manipulators and Is shown In Fig. V-15. This end effector Is designed 
to mate with either of the two Interface mechanisms discussed above. It 
accomplishes two things: (1) It attaches the servicer mechanism whether It 

be a pivoting arm. general purpose manipulator. SRMS. or astronaut activated 
tool to the module; (2) It operates the latching mechanism. End effector 
attachment Is accomplished by two closing Jaws grasping the rectangular-shaped 
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MODULE LATCH 



Figuve V-15 On-Orbit Sevviaer End Effector 








baseplate grip. The closing force is supplied by a motor-driven ball screw 
drive. This drive applies a low initial closing force when radial alignment 
is taking place and a very high final closing force when module handling is 
taking place. This high force occurs because the jaw links are approaching 
an over-center position with respect to the ball screw carriage. This oper- 
ation will require no more than 5 seconds to close and should open much faster 
depending on the selected motor input current. 

As the end effector is being positioned into the baseplate, misalignments 
are inevitable. The magnitude of these misalignments depends on docking posi- 
tion accuracies, control system accuracies, and manufacturing tolerances. 

These errors are not yet clearly defined, therefore it was decided to incor- 
porate some reasonable allowable misalignment requirements at this time. As 
shown in the drawing the end effector may approach the module misaligned with 
a 1.25 in. diameter circle plus an angular error of +15 deg. As the end ef- 
fector approaches, the alignment cone engages the baseplate, forcing the end 
effector to align axially with the module. When the end effector jaws close, 
the end effector will be forced to rotate, eliminating the angular misalignment 
As the end effector rotates, the baseplate latch drive centerline is automati- 
cally aligned with the baseplate latch mechanism drive shaft. The spring-load- 
ed drive head falls into position over the drive screw. Engagement occurs 
when the drive is actuated. The drive mechanism is an integral part of the 
end effector attach drive. It is operated by a set of spur gears driven by 
an electric motor. The motor and gear train are designed to produce an oper- 
ating torque of 27.6 in. -lbs with a stall torque of about 50 in. -lbs. Total 
average module latch-up (or unlatch) time should not exceed 15 seconds. 

This device is fabricated as a one-piece aluminum housing with motor 
housing attached. No close tolerance gear requirements are necessary. The 
total weight is approximately 14 lbs. The attach part of this device may be 
used as a general purpose manipulator end effector. 

The engineering test unit fabricated to this design is shown in Fig, V-16. 
It was necessary to substitute off-the-shelf motors to meet the delivery 
Schedule and to make other appropriate changes. It was designed to operate 
with the side-mounted interface mechanism and it adapted readily to opera- 
tion with the bottom— mounted interface mechanism. 
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Figure V-16 End Effector Engineering Test Unit 

The handle was provided to aid in demonstrations of the three engineering 
test units. If the end effector was to be used by an astronaut on EVA then 
a somewhat different style of handle might evolve. The switch nearest the 
jaws operates the jaws while the second switch at the left hand side of the 
figure controls the latch/unlatch motor. 


V-33 




D. 


rendezvous and docking 


Rendezvous and dockino -f 

it is a necessary prere,niaitT « P- - 

r on ae“ ':;r~ 

=orvrcer. and can inpact the STS Ita ^Pocecraft and the on-orbit 

fot on-orbit servicing, but if the doclcinTr'*“' is necessary 

"ight be mined. So the operating techni the spacecraft 

-- - i.pertant to the using spacecrTp^o^r^"* 

Rendezvous and docking do influ.n 

'-here are a number of aspects that must servicer designs and 

require normal engineering development 1 °"ly 

and dockinp i. P™ent. Assurance to t-ha ■ 

will be ODpra^-^,v 1 CO tne user tha^ r-ra j 

u 1 operational and safe u ^ rendezvous 

help Obtain early user acceptance of on-o bU 
^ondetvous and doching are • -i»tonance. 

otaft cone together for retrievlrirT *"<) apaca- 

tiot vehicle nnst also rendeavons aid ^ TT""®- i»o car- 

^ate carrier vehicles are Cl) full clpabUi: — 

ronous servicer, (3) eolar electric propnlsll geosynch- 

teleoperator systen, (5) none forns of TZ 

°t»iter. Ibeae specific cases nay be rear " the 

io t e tug, with servicer, performing a re d '*‘“'’“ 0 "®- First 

-aft in geosynchronous orbit. This is th ^ ^P— 

oecond Situation is the tug returning to t "T"' 

°r ocking and berthing the tug. All of tl 
-aft, carrier vehicle, on-orbit servicer anVT''' “"“"«lons of space- 

thase two situations. Hendeavous involves’ m tapresented by 

situations wIitIq ^ i the same general i 

ns, whrle docking with the SEMS is dlff ®i«ants in both 

vehicle as the active element in docking “ —far 

’^nyTe^lT'lri T <*aaklng have been und 

• “"i'^ad states and the USSR h " 

USSR have each performed many 


V-34 


manned rendezvous and docking operations Including a recent case Involving 
apacecralt from both countries. The USSR has also performed rendezvous 
and docking remotely. The rendezvous and dockings for on-orbit servicing 
will generally be performed unmanned. The techniques of rendezvous are 
such that even the manned cases are conducted almost as If the space- 
craft were unmanned, so the step to unmanned rendezvous is not major. 
Docking involves determination of relative position and attitude which 
has been done manually using visual aids. Many techniques have been pro- 
posed, built, and ground tested to perform docking automatically. These 
tests give confidence that automatic docking Is possible, but the US has 
never, to our knowledge, performed an unmanned docking In space. However 
unmanned docking is to be an STS capability and Is being actively worked’ 
with every expectation that It will be an operational technique when re- 
quired for on-orbit maintenance. The dockings at the orblter are per- 
formed In a manned mode; It is only those at a distance from the orblter 
that will be unmanned. 

1. Representative Profiles 


Representative profiles for rendezvous and for docking are presented. 
The rendezvous profile discussed Involves flying a tug from the orblter 
low earth orbit to mate with a spacecraft previously placed in geosynch- 
ronous equatorial orbit. The two most apparent divisions of the tug 
rendezvous mission are (1) ascent from the orblter to the spacecraft and (2) 
descent from the spacecraft to the orblter. The ascent part of the profile 
IS discussed. The descent requires no flight mechanics techniques or 
hardware not discussed in the ascent phase. 

The ascent phase itself is handled by separating it into two phases; 
an ascent to a gross targeting point and the terminal phase, from the 
gross targeting point to actual docking with the spacecraft. 

The gross target point of ascent rendezvous is not taken to be the 
actuar rendezvous point. There are two reasons: first, it is virtually 

impossible to simultaneously control the state variables of position and 
velocity vectors (at predicted time) without having throttable main en- 
gines or a bang-bang equivalent; second, the inaccuracies of the tug’s 
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knowledge of its own position and velocity and of the target spacecraft's 
expected location do not permit prediction of the tug's given location 
relative to the spacecraft thousands of miles ahead at termination of 
final main engine burn. For these reasons, a target point is usually 
chosen to be biased off in such a way that regardless of dispersions and 
inaccuracies, the two vehicles, tug and spacecraft, will drift toward each 

other. 

The terminal phase is begun after the tug reaches the gross target 
point. From this time on the tug guides itself v;ith respect to the 
actual target vehicle which it literally senses; whereas in the prior 
phase of flight, the tug guided itself to achieve a computer-generated 

position and velocity target point. 

The ascent rendezvous profile is shown in Fig. V-17 where the major 
points are noted on the figure. The nominal ascent from points ©to © 
takes about 5.3 hours when no phasing orbit is used. Normally, phasing 
orbits will be used to establish the proper longitude relationship between 
the tug and spacecraft. The apogee altitude and number of phasing orbits 
are selected to provide the required phasing time which can be up to 12 
hours. Each of the maneuvers of the figure is a tug main engine burn and 
is also used to accomplish part of the plane change between the orbiter 
orbit (usually 28.5 deg) and the spacecraft orbit (essentially zero deg). 
The majority of the plane change occurs at point (©. Rendezvous will be 
complete essentially one quarter orbit after point (6 hours) . The 

approach to targeting and determining the guidance presetting for the geo- 
synchronous mission is baselined to be computed onboard the tug and com- 
pletely independent of the tug deployment time, deployment orbit, or or- 
bital inclination (within + 1,0 degrees) which will decouple the orbiter 
operations from the tug operations. A midcourse correction burn is also 
used to help reduce dispersions at the targeting point. 

A docking pr^'^ile is shown in the upper half of Fig. V-18. The tug 
must locate the docking port on the spacecraft and then fly to an aimpoint 
which lies near the normal from the spacecraft docking port. The docking 
port can be located from transponders located on the spacecraft exterior 
or from prior knox^ledge of the spacecraft attitude orientation. Once the 
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Figure V-18 Docking Profile 



tug is near the aim point it will use an array of transponders located near 
the docking port. These short range transponders can be active or passive 
and are discussed below. The lower parts of the figure shov? typical guid- 
ance schemes that might be used from the aim point to docking. These were 
used during a Martin Marietta docking simulation in 1964 using active X-band 
radar hardware carried by a six DOF moving base simulator. The vertical 
plane guidance used two angles as bounds so that motion was loosely con- 
strained at longer distances and became tightly constrained at the con- 
tact point. Similar angle bounds were used in the lateral plane. The 
lower right hand figure shows how the range rate is upper and lower bounded 
to higher velocities at longer ranges and lower velocities at the point of 
contact. Note that contact velocities can be made very low. These guid- 
ance laws are very simple yet excellent performance was obtained (less than 
one inch radial error at contact) . The important part is the selection of 
sensors /transponders and contingency logic. The docking operation requires 
that the tug have full six axis control — translation and rotation — with 
minimum coupling between the two modes. 

Once the tug and spacecraft are loosely docked together, then the dock- 
ing mechanism is operated to draw the two together and to fasten them 
firmly. At this point the attitude control system of the spacecraft must 
be shut off. Also, provisions must be established to shut off spacecraft 
electrical power to those modules which are to be replaced. These functions 
can be provided via an electrical connector or a radio communications link. 

While normally not necessary, it should be possible to keep a spacecraft, 
such as a communications mission, operating during on-orbit servicing involving 
the replacement of redundant modules. The docking impact can be kept small 
and if its direction is aligned well with respect to the spacecraft center 
of mass, then the spacecraft attitude can be kept within bounds. The tug 
could then maintain the desired spacecraft attitude during module exchange. 

2. Rendezvous and Docking Equipment Required 

The equipment required by the tug and spacecraft for rendezvous and 
docking are listed in Table V-8, The tug is considered to be the active 
vehicle with the spacecraft only required to hold relatively constant attitude 
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during rendezvous and docking. The additional items for docking are asso- 
ciated with the docking itself and with the relative attitude information. 
The guidance laws generally use position and rate of change of position 
information so the rate information must be computed, or additional sensors 
provided. 

A variety of manufacturers provide equipment which can satisfy the 
needs of Table V-8. They are too many to list here and the selection of the 
proper set is a part of the tug development process. 

Table V-8 Rendezvous and Booking Rquiymei^b Required 


VEHICLE 

RENDEZVOUS 

DOCKING 

TUG 

LONG RANGE TRACKING DEVICE 

SHORT RANGE TRACKING DEVICE 


ATTITUDE CONTROL 

ATTITUDE SENSORS 


ATTITUDE SENSORS 

RELATIVE ATTITUDE SENSOR 


LINE OF SIGHT RATE SENSORS 

SIX DOF REACTION CONTROL SYSTEM 


MAIN ENGINE 

COMPUTER 


COMPUTER 

DOCKING MECHANISM - ACTIVE 
LATCHING SYSTEM - ACTIVE 

SPACECRAFT 

TRANSPONDER 

TRANSPONDERS 


ATTITUDE CONTROL 

AHITUDE CONTROL 


ATTITUDE SENSORS 

ATTITUDE SENSORS 



DOCKING MECHANISM - PASSIVE 
LATCHING MECHANISM - PASSIVE 


3. System Options at the Spacecraft 

The rendezvous and docking system equipment explicitly required on the 
spacecraft, with alternatives in each class, are given in Table V-9. It 
is desirable that the spacecraft equipment be passive to decrease its 
probability of failure and thus reduce spacecraft losses due to this factor. 
However, use of active transponders increases the probability of acquisition 
at longer ranges while permitting reduced power in the tug tracking systems. 
Acquisition times tend to be long with the narrovr beam laser systems. 
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vs Rendezvous and Booking System Options at Spaaeeraft 


docking IVIECHANISIVIS 
Central or Peripheral 
Energy Absorbing or Enveloping 

LONG RANGE TRANSPONDERS 
None - Skin Tracking 
Corner Cubes 
Flashing Lights 
Active Transponders 

SHORT RANGE TRANSPONDERS 
Paint Patterns (TV) 

Array of Corner Cubes 
Array of IViirrors 
Array of Flashing Lights 
Visual Aids (TV) 

Active Tracker and Data Relay 


While there are maey approaches to ohtalnlng relative position and at- 
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sible impacts are listed in Table V-10. 

. rat, ^ r- ^rTTT the docking mechanism can intrude into 
As is shovni in Chapter VIII » 1 ^ fn-r 

1 .nd thus reduce the usable spacecraft volume for 
the module exchange volume and thus ,n„,,i icate the control 

. Ti,P docking alignment accuracy can complxcate tne 

module locatxon. The dockxng a g Vransnonders and their 

--Inaotpr VI. The sensors and transponuecs 

ri: :: ircirre enough and can hc looated so th. naad 

not interfere with module exchange. 



Table V-10 Rendezvous and Booking System Impaats on Serviaing Activity 


DOCKING SYSTEM INTERFACE WITH MODULE EXCHANGE 
DOCKING ALIGNMENT ACCURACY 
ENERGY ABSORPTION SYSTEM STROKE 
PROBABILITY OF SPACECRAFT DAMAGE 
CONTAMINATION 

STIFFNESS OF DOCKED AND LATCHED CONFIGURATION 
TRANSPONDER SIZES, SHAPES, FIELD-OF-VIEW, AND LOCATIONS 
SENSOR SIZES, SHAPES, FIELD-OF-VIEW, AND LOCATIONS 
ELECTRICAL CONNECTIONS 


In a system which involves a mechanical connection betvreen two objects 
that are initially moving relative to each other, there is a possibility 
of unintended contact with resultant damage. The Apollo docking experience 
showed that damage could be avoided. However^ one must be aware of the 
possibility and plan carefully on how to avoid it. The user community 
may well require analyses, tests, and space demonstrations to assure them- 
selves that the probability of unintentional damage is very low. However, 
each of these potential impacts can be overcome by careful design of the 
rendezvous and docking system, the spacecraft, and the on-orbit servicer. 

Control of the rendezvous operation can be automatic with verification 
to the ground. The midcourse correction can be calculated on the ground 
or on-orbit. Control of the docking phase is more complex because of the 
ramifications of a failure. The alternatives are similar to those discus- 
sed in Chapter VI with respect to the control of module exchange. ^ com- 
bination of supervisory control for the primary mode and remotely manned 
control for contingencies may be appropriate. 

5. Rendezvous and Docking Impacts on the STS 

No new rendezvous and docking impacts have been identified. The range 
of combinations of Vehicles involved has been expanded but the techniques 
to be developed should be applicable for all of the new combinations. The 
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selected technique must minimize the probability of spacecraft damage. 

There must be an ability to reattempt after a missed docking has disturbed 
the spacecraft attitude. Provisions must be made for undocking even if 
the primary undocking system should fall. The advantages of multiple 
spacecraft servicing are such that the capability for repeated dockings 
on each mission should be developed. Each of these items can be consider- 
ed to be part of the normal development of a rendezvous and docking capa- . 
bllity for the tug and thus are not significant impacts on the STS. 



VI. ON-ORBIT SERVICER CONTROL TSRIIFR 



The control system selected to be used with the on-orbit servicer 
mechanism can strongly affect the servicer's operational utility and its 
versatility. If the control system is too limited in its capability, 
then so will the on-orbit servicer system be limited. Conversely, the 
control system need not have a comparatively greater capability than the 
servicer mechanism. Because of this importance, and because there was 
little in the literature on on-orbit servicer control systems, a top-level 
analysis of the situation was conducted with the objective of recommending 
a control system approach. 

The task was performed in four phases: (1) review servicing concepts 

to Identify control system requirements, (2) identify and analyze con- 
trol system alternatives, (3) select the more useful control alternatives, 
and (4) recommend an approach for on-orbit servicer control development. 

The selected approach is to use supervisory control as the primary mode 
and remotely manned control to provide backup operation for failures and 
operational contingencies. 

The selected system combines the best qualities of each of the two 
modes, and thus overcomes each of their deficiencies by using supervisory 
control as the primary mode and remotely manned control to provide backup 
operation for failures and operational contingencies. Because the re- 
motely manned control is only a backup mode and will not be used fre- 
quently, longer operating times can be accepted. This permits use of a 
simplified TV camera(s) with very low frame rates (say three per minute) 
as well as using the TV system instead of proximity sensors for the alter- 
native hazard avoidance system in this backup mode. Tolerance compensa- 
tion can be handled by the operator using his ground-based computer. The 
major advantage of this combined mode is the availability of different 
and completely separate backup functions to obtain the highest probability 
of successful module exchange over the widest range of operating conditions. 
A. CONTROL SYSTEM REQUIREMENTS 

The general task from which the control system requirements were de- 
rived is (1) unstow the servicer mechanism, (2) remove a failed module 
from the spacecraft, (3) stow the failed module (temporarily or perma- 
nently), (4) locate the replacement module in the storage rack, (5) place 
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the replacement module in the spacecraft, (6) verify that the replaced 
module is latched in place, (7) permanently stow the failed module, (8) 
repeat as necessary, and (9) restow the servicer mechanism. Note that 
rendezvous and docking and spacecraft checkout are not considered in this 
particular analysis. 

The servicer control system requirements were developed from the 
above general task outline, the literature referenced, and consideration 
of the pivoting arm and the general-purpose manipulator forms of serv- 
icing mechanisms. These requirements are listed in Table VI-1 and should 
be applicable to most servicer mechanism configurations. The usual re- 
quirements of system stability, low weight, and low life-cycle cost 
would also apply. 

Table VI-1 Contvol System Requirements 
Exchange Modules One at a Time 

Accommodate a Variety of Module Sizes, Masses, Locations, 
and Orientations 

Operate with Different Spacecraft on a Single Mission 
Up to 25 Module Exchanges per Flight 
Provide Backup Modes 

Generate Signals for Individual Mechanism Joints 
Provide Required Accuracy and Repeatability 
Compensate for All System Tolerances 
Avoid Control Anomalies (e.g.. Singular Points) 

Provide for Hazard Avoidance 
Provide Suitable Stiffness 
Be Compatible with Structural Flexibility 
Minimize System Data Rates 
Accommodate Data Transfer Delays 

In general, it takes six degrees-of-f reedom (DOF) to define the rela- 
tive position and attitude of one object (e.g., module) with respect to 
another (e.g., spacecraft), yet we are suggesting the use of a four-DOF 
system (pivoting arm) to perforin module exchange. The answer lies in an 
examination of the uncertainties that might occur in the uncontrolled de- 
grees of freedom. The pivoting arm system can position a module anywhere 
on the end of a spacecraft, in any orientation, and over the required 
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not had to correct this error and it is difficult, though not ia^osaible, 
to reduce. Note that both mechanisms have a control axis parallel to the 
docking system roll axis, ihus, if an acceptable way can be found to 
measure the clocking error, it can be readily biased out of the system. 

Any positioning errors that cannot be removed from the system must 
be accommodated by a "capture area" at the mechanical interface, mis 
capture area might typically be a one-inch diameter circle. When attach- 
ment is made, the positioning errors show up as bending in the mechanism 
and control system error signals that can generate control torques and 
motor overheating. Ihls latter aspect can be alleviated by control loop 
gain reduction or the use of a rate control mode. 

B. CONTROL SYSTEM ALTERNATIVES 

Three general control modes will be addressed-automatlc, supervisory 
control, and remotely manned. Each will be discussed in turn as to how 
it satisfies the requirements of on-orbit servicing. Servicing in geo- 
synchronous orbit will be our example case though much of what is said 
also applies to operation in the orblter cargo bay. 

Our reviews of prior studies of orbital servicing uncovered little 
as to how module exchange could be controlled. Automatic control and 
supervisory control have been briefly mentioned for the geosynchronous 
case and remotely manned control for the orblter cargo bay operations. 

1. Automatic Control 

The automatic control mode Involves a control electronics assembly 
(CEA) that controls all the module exchange activities Including module 
trajectories, hasard avoidance, sequencing, activity completion indica- 
tions, redundancy, fall-safe aspects, and tolerance compensation. A 
block diagram is shown in Figure VI-1 where the spacebome control equip- 
cent is shown above the dashed line and the ground- or orblter-based 
equipment below, the CEA contains all the logic for control functions as 
shown. For automatic control, the various algorithms must be sophisti- 
cated enough to handle all anticipated failures and unanticipated con- 
tingencies. Fall operational/fail-safe operation implies at least double 
redundancy for all functions, with triple redundancy for functions re- 
quired to allow the servicer to release from the spacecraft. The tolerance 
compensation algorithm uses measurements of docking errors and other 
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significant system errors and biases the stored module locations appropri- 
ately. Module exchange would be along a trajectory that minimizes chances 
of the moving parts unintentionally contacting any structure. These tra- 
jectories could be developed on the ground using a simulator and then 
stored in the programmer. An alternative is to develop an algorithm that 
will solve for safe trajectories as a function of the end points. This 
algorithm would then be stored in the spaceborne CEA. A second alterna- 
tive is to develop a set of standard "safe" subtrajectories; e.g., turn 
module end-for-end, and then have a set of connecting regions where any 
trajectory is safe. The total trajectory would consist of alternate 
standard and connecting trajectories. As all of the trajectories used 
in this way are safe, there would be no need to verify each selected tra- 
jectory. The tradeoff is between a one-time development and higher CEA 
costs versus solving the problem individually for each case. Hazard 
avoidance then is involved in safe trajectory generation, but not explic- 
itly in the on-orbit operations. 

The automatic mode can satisfy most of the Table VI-1 requirements. 

It particularly minimizes communication system data rates and the effects 




of data transmission delays. The difficulties lie in accommodation of 
system tolerances and the approach to the fail-safe/backup mode considera- 
tiony,. The CEA and mechanism errors can generally be made small. The 
errors associated with docking, thermal effects, and manufacturing toler- 
ances are larger. In particular, many docking systems are designed with 
poor co-atrol over vehicle relative roll angle (clocking errors) because 
these errors usually can be accepted. For module exchange, the errors can 
be important. These geometric uncertainties can be accommodated by (1) 
large mechanism end effector and module latch capture volumes, (2) reduced 
tolerances, (3) measuring the error and appropriately biasing the control 
system computations, or (4) providing a closed-loop tracking system that 
will cause the mechanism end effector and module latches to home in on the 
actual positions. Which of the four compensation techniques to use must 
depend on the results of a detailed tradeoff study. Note that the end 
effector-to-module and module latch- to-spacecraft (and stowage rack) cap- 
ture problem is a close parallel to the tug-to-spacecraft docking problem. 
In the three cases all six relative degrees of freedom and their rates 

must be controlled based on some combination of measured and precalculated 
values. 

Selection of the approach to meeting the fail-safe and backup require- 
ments is much more difficult for the automatic mode. Fail-safe can be 
handled for many elements by triple redundancy. This approach is not as 
easy in the mechanical aspects. Design of an automatic system with the 
adaptability to handle unanticipated contingencies is quite difficult. 

The automatically operated decision logic that transfers from the primary 
mode to the backup mode also presents a design challenge. The need to pre- 
vent servicer malfunctions from inhibiting later repair of a spacecraft 
also presents a difficult design challenge for the automatic control mode. 
In brief, there appears to be no cost effective way to ensure fail-safe 
operation and to provide a backup mode for fully automatic operation. 

The advantages of the automatic control system are in the low data 
rates to the ground and effective hazard avoidance in the primary mode. 

Tile disadvantages are in difficult contingency hazard avoidance, difficult 
tolerance compensation, and very limited alternatives for independent 
backup operation for failures and operational contingencies. An automatic 
control system with adaptive features for the required reliability will 
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be very expensive to implement. 
2. Supervisory Control 


The supervisory control mode involves a CEA that controls the detail 
module exchange activities, including module trajectories, hazard avoid- 
ance, and some of the redundancy aspects. Man, through a command and 
data link, selects sequencing, acknowledges completion, and provides some 
of the redundancy, and fail-safe aspects. Supervisory control, as shown 
in Fig. VI-2, is a modification of automatic control with the module ex- 
change initiation and acknowledgment controlled and displayed at the 
ground. The onboard CEA generates and controls the specific module tra- 
jectories after the operator has identified the locations of the modules 
to be replaced. To minimize communication system data rates, it is as- 
sumed that the supervisory mode does not involve a television system. 
Module exchange trajectories could be developed and used as previously 
discussed for the automatic mode. The only difference is that a subse- 
quent servicer mechanism (module) trajectory could only be initiated by a 
discrete signal sent from the man. Because the operator would be allowed 
to initiate only those trajectories stored onboard, the hazard avoidance 
problem would be similar to that for the automatic mode. 



Figure VI- 2 Supervisory Controt 
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Because it is in many ways similar to the automatic mode, the super- 
visory control mode also can satisfy most of the Table VI-1 requirements. 
Supervisory control will require higher data rates and be slightly more 
affected by transmission time delays. Neither effect is very significant. 
However, supervisory control is similar to automatic control in accommo- 
dation of system tolerances. It is possible to involve man in the measure- 
ment of system errors and their introduction into the CEA biasing scheme. 
Man could also be involved in the closed-loop tracking by the mechanism end 
effector of the module attachment point. Either of these approaches re- 
quires that the proper data be collected and transmitted to the ground for 
use by the operator. The CEA is less complex for this mode than for the 
automatic mode because the module trajectory algorithm, module location 
memory, and tolerance compensation algorithm can all be modified from the 
ground to work around some failures and unanticipated contingencies. 

With regard to the fail-safe and backup requirements, the supervisory 
control mode is no better than the automatic mode unless the operator is 
provided with more data and control path alternatives. If the operator is 
reduced to initiation of stored programs, his ability to act in a backup 
capacity is very limited. 

Although this modification of automatic control introduces some ground 
based manual and computer backup control possibilities, there is a minor 
increase in communication system data rates and the basic limitations of 
automatic control are not adequately alleviated to provide sufficient back- 
up operation for overcoming failures and operational contingencies. 

3. Remotely Manned Control 

The remotely manned mode involves an onboard CEA and sensor system, a 
two-way communication link, and an operator at a control and display sta- 
tion (C/DS). The operafor controls all the module exchange activities in- 
cluding module trajectories, hazard avoidance, sequencing, activity com- 
pletion acknowledgment, and fail-safe aspects. Hie redundancy aspects 
would still be a part of the machine. 

The remotely manned control approach, as shown in Figure VI-3, takes 
nearly all the CEA functions to the ground and brings the cognitive and 
adaptive capabilities of man fully into play. The significant on-orbit 
additions are the TV camera(s) with high communication system datA rate 
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requirements and the proximity sensors to provide a backup hazard avoid- 
ance function. An option to include the feedback of measured forces at 
the end effector in the form of an inner control loop (discussed below) 
shown here can become a part of any of the control modes. 



Figure VIS Remotely Manned Control 

Trajectories would be generated in response to the operator's control 
inputs. Many control input devices have been suggested and used in the 
past such as (1) joint-by-jointj (2) replica, (3) nongeometric correspon- 
dence, (4) three-DOF hand controllers, and (5) six-DOF hand controllers. 
The relative value of these devices has been discussed extensively in 
the literature. The multiple-degree-of-freedom hand controllers with the 
same number of degrees of freedom as the exchanger mechanism appear suit- 
able for this task. Use of a rate control mode seems suitable for the 
level of control and time available. Its use also avoids the need for re- 
indexing systems. Coordination of display and hnnd controller motion is 
very desirable. Coordinate system transformations can be performed on the 
ground or on-orbit. 

The possible need for outer- loop force-feedback control, where the 
operator "feels" the control forces being exerted, can also be discussed. 
However, simulations at Martin Marietta in late 1973 indicated that 
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effective manipulator arm control could be obtained in a rate mode without 
outer-loop force-feedback. For the levels of force in the simulated tasks, 
and in the tasks of module exchange, the forces being fed back are not 
significant to the operator. Since outer-loop force-feedback also re- 
quires a much wider communication system bandwidth, it is suggested that 
outer-loop force-feedback not be included unless later work shows it must 
be used. The use of inner- loop force-feedback, where the forces at the 
end effector are measured and signals are generated to reduce the forces 
(and moments, in some cases) not in the desired direction to zero, cannot 
be decided so easily. MIT has shown (Chapter XI, Item 0-7) that long pins 
can be inserted into holes with very low clearances using this technique 
of minimizing lateral forces while maintaining an axial force. As all 
signal processing can be done onboard, the communication channel band- 
width is not affected. This force measurement might also be used in the 
hazard avoidance system. It is suggested that inner-loop force-feedback 
be considered as part of on-orbit servicing control for the remotely manned 
mode and possibly also for the automatic and supervisory control modes. 

For most of our manipulator system investigations, we have used visual 
feedback, as have most other investigators. Television is the obvious 
sensor for orbital operations. The cameras are small, lightweight, rela- 
tively inexpensive, and very versatile. Their power requirement is also 
low, but their need for supplemental lighting must be evaluated for each 
situation. The TV system's main disadvantage is communication system 
bandwidth. This bandwidth requirement can be reduced by reducing frame 
rate, line pairs, and gray scale to those needed for module exchange. 

Stereo TV has been shown to be useful in some cases as have two cameras 
with orthogonal viewing. TV systems for servicing could also be used for 
spacecraft docking and for spacecraft inspection prior to docking. Camera 
and lighting location selection must be left to a careful evaluation of 
the operational envirormient. 

Hazard avoidance in the remotely manned mode becomes difficult because 
the number of trajectories that might be commanded increases significantly. 
One alternative is to use the command signals, as derived from the oper- 
ator's control input devices, combined with computer graphic techniques in 
a ground computer to generate bias signals that would prevent module col- 
lisions. The computer would inform the operator of near hazards and that 
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it was biasing the command signals. This open-loop form of hazard avoid- 
ance leaves much to be desired because its calculations may not be based 
on true data. Onboard alternatives would include use of proximity warn- 
ing sensors or the inner-loop force- feedback sensors previously discussed. 
The TV cameras can also be used for hazard avoidance. 

Although the remotely manned mode can satisfy many of the Table VI-1 
requirements, it requires the highest communication system data rates and 
is most susceptible to data transfer delays. This susceptibility is par- 
ticularly true for outer-loop force-feedback systems. The remotely manned 
system can best accommodate system tolerances because properly selected TV 
systems will accurately display the errors to be corrected. The system 
can be made mostly fail-safe by incorporating logic that will stop the 
mechanism whenever the control loop is broken or when the operator shuts 
off power. The operator can shut off mechanism power whenever he notes 
any unusual motion and thus provide another increment of fail-safe opera- 
tion for the module motion part of the system activity. Should the serv- 
icer fail to release the spacecraft, the operator could initiate a pyro- 
technic system that would ensure spacecraft separation. 

Backup modes can be provided for remotely manned operation. Each 
function, except the mechanism itself, can be independently paralleled. 

For example, the servo feedback pots instead of the TV can provide posi- 
tion data. Two control/display stations and operators (or some equiva- 
lent engineering compromise) can also be provided, as can communication 
system redundancy. 

The advantages of remotely manned control are the introduction of 
man's cognitive capability, a more complete backup capability, and good 
compensation for syst^em tolerances. The penalties are very high data 
rates, an increased susceptibility to data time delays, and a more complex 
hazard avoidance situation because of the variety of trajectories the 
operator might generate in comparison with the preprogrammed trajectories 
of the automatic mode. 

C. EVALUATION AND SELECTION 

From the discussions of each of the three control systems, it is ob- 
vious that each has good areas and bad areas, with none appearing to com- 
pletely satisfy all requirements. The three are now compared and analyzed 


VI-11 


to identify a suitable compromise. 
1. Evaluation 


The above discussions of the three control modes concentrated on five 
of the requirements of Table VI-1. A more complete evaluation is required 
and some of the general factors not listed in Table VI- 1 will be brought 
in. The following list of requirements can be met by proper design of any 
of the three control modes or their combinations; (1) exchange modules 
one at a time, (2) generate signals for individual mechanism joints, (3) 
provide required accuracy and repeatability, (4) avoid control anomalies, 
(5) provide suitable stiffness, and (6) be compatible with structural 
flexibility. Table VI-2 lists the factors used for further evaluation. 

The first five factors come from Table VI-1 and have been discussed. Note 
that hazard avoidance has been divided into the areas of prime and contin- 
gency or backup because the evaluation tends to be quite different for the 
two areas, yet both are important. The sixth item, capability, combines 
three items from Table VI-1; (1) accommodate a variety of module sizes, 

masses, locations, and orientations, (2) operate with different spacecraft 
on a single flight, and (3) make up to 25 module exchanges per flight. 
Versatility is used to bring in the need to be able to change and reorder 
things late in the launch preparation sequence or perhaps during the mis- 
sion, Complexity of the spaceborne equipment and of the control station 
equipment are self-explanatory. When the control station is located in 
the orbiter, the penalty for a complex control station becomes relatively 
more significant. The next three items are also self-explanatory. The 
last item reflects the relative ease of providing the additional redun- 
dancy/backup at the control station that can be used to help provide con- 
trol system redundancy /backup. 

An examination of Table VI-2 confirms that none of the three modes 
will satisfy all requirements. The best system would be a combination of 
automatic and remotely manned but this is impossible by our definition of 
automatic. The equivalent thus becomes a combination of supervisory con- 
trol and remotely manned control using the best parts of each. 
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Table VI-2 Control Mode Evatuation 
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2. Selected System 

The selected systen, is a blend of supefvisory and remotely fanned con- 
™ . I'afpd in Table VI-3. When the system oper- 

trol with the characteristics listed in TaD 

V. • mode it is the supervisory control system we have de- 

ates in the prime mode, it is cne s p 

+-V, f t-hp wstem errors are measured remotely y 
scribed above except that the system 

,connd operator and then biased in the onboard CEA. The ground operato 
provides the contingency and backup operation. A lower per 

terws of fodule exchange tl„e is accepted in the backup fode whrch m turn 
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permits use of a low data rate TV system that has a picture refresh rate 
of perhaps three frames per minute. 

Table VI-3 Recommended Control System Characteristics 

Primary Mode - Supervisory Control 
Backup Mode - Remotely Manned Control 
Stored/Interpolated Module Trajectories 
Hazard Avoidance 

Supervisory - Precalculated 
Remotely Manned - TV and Ground Computer Graphics 
System Errors Measured by Man and Biased Onboard 
Separate Translation and Rotation Hand Controllers 
TV and Mechanism Position Displays 
Mechanism Joint Control 

Supervisory - Position 
Remotely Manned - Rate 
TV Refresh Rate - Three per minute 


A block diagram of the recommended system Is shown in Figure VI-4. It 
appears very similar to the supervisory control system of Figure Vl-2, ex- 
cept for the contingency and backup modes, adding the TV cameras, and’de- 
letlng the tolerance compensation algorithm. Uie IV system Is used In- 
atead of proximity sensors for the alternative hazard avoidance system In 
the backup mode. One major advantage of this combined mode is the avail- 
ability of different and completely separate backup functions to obtain 
the highest probability of successful module exchange. It also brings 
the cognitive and adaptive capabilities of man Into the situation as they 
are needed without burdening him with the routine activities. Figure VI-4 
does not show Inner-loop force-feedback, but it certainly should be con- 
eidered for this application. Another area for Investigation Is a careful 
examination of the TV requirements to determine If reductions In gray 

scale, resolution, or field of view can be accepted to further reduce com- 
munication system bandwidth. 

A review of Table VI-2 for our selected system shows that a signifi- 
cant improvement in capability results for a moderate level of communica- 
tion system data rates, system complexity, and operator training. 
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Figure VI~4 Supervisory with Remotely Manned Backup Control 

In summary, the selected system combines the best qualities of each 
of the two modes, and thus overcomes each of their deficiencies by using 
supervisory control as the primary mode and remotely manned control to pro 
vide backup operation for failures and operational contingencies. Because 
the remotely manned control is only a backup mode and will not be used fre 
quently, longer operating times can be accepted. This permits use of a 
simplified TV camera(s) with very low frame rates (say three per minute) 
as well as using the TV system instead of proximity sensors for the al- 
ternative hazard avoidance system in this backup mode. Tolerance compensa- 
tion can be handled by the operator using his ground-based computer. The 
major advantage of this combined mode is the availability of different and 
completely separate backup functions to obtain the highest probability of 
successful module exchange over the widest range of operating conditions. 

D. DEVELOPMENT PLAN 

The importance of the on-orbit servicer's control system with respect 
to its utility and versatility when combined with the control system's low 
state of development implies the need for a comprehensive development plan 






The major items of a development plan are given in Table VI-4. The control 
modes must be adequately defined before they can be simulated, evaluated 
and compared. Simulation is a major tool in control system development. 

The specific items for evaluation in the simulations and analytical eval- 
uations are given in Table VI-5. 

Table VI-4 On-OrbUer Sevvioev Control System Development Items 


DEFINE SELECTED CONTROL MODES TO A LEVEL SUFFICIENT FOR SIMULATION 

CONDUCT SIMULATIONS AND ANALYTICAL EVALUATIONS 

DETERMINE VALUE OF INNER-LOOP FORCE-FEEDBACK 

DETERMINE MINIMUM ACCEPTABLE TV REQUIREMENTS 

DEFINE GROUND SUPPORT REQUIREMENTS FOR MISS ION OPERATIONS AND 
CONTROL 

PERFORM DETAIL DESIGN OF SERVICER CONTROL SYSTEM FOR PROTOTYPE 
HARDWARE 

IDENTIFY FLIGHT DEMONSTRATION REQUIREMENTS j 


Table VI- 5 Simulation and Analytic Evaluation Considevations 


LOGICAL DIVISION OF FUNCTIONS BETWEEN MAN AND MACHINE FOR PRI- 
MARY AND BACKUP MODES tuK 

TRADEOFF BETWEEN ON-ORBIT AUTOMATION AND TELEMETRY DATA RATES 

rn^Irl:D^ ^ SUPERVI SORY CONTROL MODES AND FORCE STEERI NG 

LUlNJUhr I j 

OPTIMUM COMMUNICATION SYSTEM BANDWIDTHS (e.g., TV FRAME RATE) 

EFFECTS OF STRUCTURAL FLEXIBILITY AND TELEMETRY TIME DELAYS 

methods to COMPENSATE FOR STRUCTURAL, DOCKING, AND CONTROL 
SYSTEM TOLERANCES , uuimikul 

hazard avoidance HARDWARE and SOFTWARE REQUIREMENTS 

MODULE TRAJECTORY SOFWARE REQU I REMENTS 

TASK STATUSING AND SEQUENCER SOFTWARE REQUIREMENTS 

MODULE IDENTIFICATION AND LOCATION HARDWARE AND SOFTWARE RE- 
QUIREMENTS uniMu our ivvMKt Kt 

APPLICATION OF COMPUTER GRAPHICS AND VIDEO GUIDANCE 

CONTROL AND DISPLAY HARDWARE AND SOFTWARE REQUIREMENTS 
POS ITION AND FORCE FEEDBACK REQUI REMENTS 
ADDITIONAL SRT REQUIREMENTS 
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The potential value of Inner-loop force feedback, or force steerrng, 

«as dlacusaed above. It might well be particularly useful with the four 
DOr pivoting arm servicer mechanism that Is recommended. 
ator visual system study performed by Martin Marietta for MSFC rn 1973 
(Chapter XI, Item J-21) indicated that control might be possible wrt 
drastically reduced bandwldths. This possibility should be Investrgated 
The ground support requirements for mission operations and control shoul 
be investigated to Identify a compatible and acceptable approach as we 
as to integrate control system requirements with normal mrssion operations, 
A significant part of any flight demonstration is evaluation of the con- 
trol system utility and versatility. 

The following Items are suggested for supporting research and tech- 


tiology activity: 

1) Simulations of control system and element alternatives 

2) Investigation of inner- loop force-feedback, and 

3) Investigation of minimum acceptable TV requirements. 


yilc ON-ORBIT SERVICER PRELIMINARY DE.STHW 


Fxfteen on-orbit servicer concepts were screened and evaluated to 
select the pivoting arm concept as the most effective. This evaluation 
and the associated results are presented in sections B and C of chapter 
IV. The TRW design was selected to represent a group of four pivoting 
arm type servicers: RI UOP B (internal), MSFC, TRW, and Bell Aerospace 
cylindrical coordinate. The evaluation of all the on-orbit servicers, and 
especially the pivoting arm group, established in the project team a basic 
level of knowledge in the functional and mechanization aspects of on-orbit 
servicers. This "bank of knowledge" formed the basis for performing three 
subtasks which led to the final level of on-orbit servicer design knowledge. 
The first subtask was to formulate a comprehensive list on on-orbit servicer 
design requirements which are discussed in section A. The second subtask 
involved a top level investigation of several alternative pivoting arm 
servicer configurations. The objective was to utilize as much as possible 
the most effective features of all four of the pivoting arm designs which 
had been reviewed. The third subtask (section C) was to configure and 
fabricate a semi -functional model of a pivoting arm servicer with the 
associated stowage rack, SRUs and spacecraft. The very significant objective 
of this third subtask was to provide an effective and efficient "learning 
tool" for expanding our engineering design knowledge. By sequencing (man- 
ually) the pivoting arm through the series of operational steps involved in 
module, exchange with a three-dimensional mockup, a realistic and focused 
discovery process took place. 

This final level of on-orbit servicer design evaluation led to the 
pivoting arm on-orbit servicer preliminary design illustrated in Figure 
VII-1. The approach taken to arrive at this preliminary design has resulted 
in a design, not only very advanced for the preliminary stage, but also one 
that IS effective and realistic because it has evolved through a systematic 
engineering process. The details of our pivoting arm on-orbit servicer are 
discussed in section D of this chapter and are related to engineering design 

drawings. Two significant conclusions have been drawn from this engineering 
design effort; 
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Figure VII-1 Pivoting Arm On-Orbit Servicer 
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Table VII 1 On-Ovh'it Sewiaev Design Requivements 


Minimize Degrees-of-Freedom 
Module Mass Range 0 to 700 Pounds 

To Handle and Stow Modules of the Following Size Characteristics* 

Large - 40 X 40 X 40 Inches 
Medium - 26X26 X 40 Inches 
Small - 15 X 15 X 40 Inches 
Minimize Stowed Length 
Tip Force > 20 Pounds I n Worst Configuration 
Attach/Latch Actuator Located In End Effector 
Time to Replace One Module - 10 Minutes 
Generate Operational Status Signals 
Minimize Sliding Friction Areas 
Be Compatible With Orbiter/Tug/EOTS Electrical Power 
Be Compatible With Automatic, Supervisory, and Remotely Manned Control 
Satisfy All Latch/Attach Mechanism Guidelines 
Compatible With Operations at Orbiter, Tug (I US, FCT) EOTS 
Compatible With Most Automated Spacecraft 
Multiple Spacecraft Capability per Mission 
Probability of Mission Success = 0.98 
Reusable for 100 Missions 
Lifetime of Five Years 
Provide Failed Module Temporary Stowage 

Provide Module Environmental Control (Thermal, Radiation, Contamination) 
Operate Module Latches 
Compatible With EVA 

Compensate for Tolerances/Misalignments In 6 DOF 
Withstand Orbiter Crash Loads 
No Ability to Exchange Modules InOne-G 
Operable In One-G, No Modules 
Lightweight 


compatible with that for the SRMS and has been shown to be reasonable for 
module exchange in a Martin Marietta simulation. 

Time to replace one module should be under ten minutes. This upper 
time bound has been arrived at from past Martin Marietta manipulator 
simulations and references in the literature. 
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Very important requirements are that the servicer be compatible with 
operations at the orbiter, tug (lUS, FCT) , and EOTS, with most automated 
spacecraft as well as with the SEPS, and free-flying geostationary servicer. 
These two requirements are important from an economic standpoint and to 
establish spacecraft user acceptance. 

Operation of the servicer in one-g without a module is needed to pro- 
vide the capability of ground checkout both on a subsystem level after 
fabrication and at the launch facility. 

B. PIVOTING ARM SERVICER ALTERNATIVE CONFIGURATIONS 

The TRW pivoting arm on-orbit servicer was selected as discussed in 
Chapter IV as being the most effective of its group and of the fifteen 
servicers in the total field. The group consisted of: (1) the TRW pivot- 

ing arm, (2) MSFC pivoting arm in three evolutionary stages, (3) RI pivoting 
arm, and (4) Bell Aerospace Corporation cylindrical coordinate system. A 
top level formulation of alternative pivoting arm concepts was performed. 

The objective was to try to utilize many of the desirable features of the 
six existing designs. In this top level formulation, minimum as well as 
maximum changes from the six existing pivoting arm concepts were considered. 

Since this study was begun, the TRW pivoting arm concept has evolved 
to that shown in Figure VII-2 where the linear motion is at the wrist. 

This results in a minimum stowage length of 105 in. and an operating length 
of 156 in. for the servicer mechanism and docking probe. A tertiary link 
has been added to provide some of the arm length and to orient the end 
effector to the module attach point. The extended arm length is 57 in. 
which is not long enough to reach the outer edge of a stowage rack (88 in.) 
that is the tug diameter. 

The results of this investigation are shown in Figures VII-3, VII -4, 
VII-5, and VII-6. All four alternative concepts shorten the servicer mechan- 
ism operating distance which is defined as the distance from the front of 
the stowage rack to the front surface of the spacecraft. This is a very 
desirable objective because operating distance can be reflected in stowage 
length which in turn affects launch costs charged to the user. Alternative 
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Figure VII-3 Pivoting Arm Servicer - Alternative A 
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concepts B, C and D represent almost a minimum operational distance for 
module exchange. They also are very simple mechanizations. However, this 
is done at the expense of losing a significant portion of the central region 
of the stowage rack and spacecraft for module location. Essentially, one 
tier of modules can be accommodated. Also, during the module exchange the 
modules pass outside of the stowage rack/spacecraft envelope. 

Out of the four alternatives, concept A was the only concept rated 
effective. It does not have limited module location, and thus it has 
excellent volumetric efficiency. Concept A shortens significantly the 
operational distance for module exchange from the TRW design because the 
linear drive has been transferred to the main central support structure. 

Thus, as a module is turned end for end, the linear drive can be driven 
to compensate for the turn around motion. The operating distance is thus 
shortened. The TRW design has the linear drive in the end effector and 
can’t benefit from the same feature. Also, concept A can hinge the serv- 
xcer mechanism to shorten the stowed distance. Alternative concept A was 
selected to be carried forward in the detailed design effort. 

Co PIVOTING ARM OPERATIONAL AND INTERFACE INVESTIGATION 

The generation of our on-orbiter servicer design, discussed later, was 
significantly by an operational and interface investigation which 
centered around a pivoting arm servicer and spacecraft mockup. Figure 
VII-/ shows all of the total system parts which were mocked up for the 
investigation. The parts mocked up reflect the design parameters which 
were variables in the investigation. These variables included: 

1 ) Side- and bottom-mounted module interface mechanisms, 

2) End effector for side- and bottom-mounted modules. 

Different spacecraft: INTELSAT and Large X-ray Telescope,, 

Stowage rack and spacecraft with side- and bottom-mounted modules. 


3 ) 

4 ) 


5) Different module sizes (making largest module removable), and 

6) Stowed and operating orientations of the pivoting arm. 

The stowage rack was made to accommodate side and bottom mount interface 
mechanisms by fabricating the stowage rack so that one half could accept 
bottom-mounting modules and the other half could accept side-mounting 
modules. Plexiglass was used for the outer structure of the stowage rack 
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and the module exchange region of the spacecraft to aid in observing module 

interference with other modules and the spacecraft structure during module 
exchange. 

Figure VII-8 is an artist's illustration of a tug performing a docking 
approach with an INTELSAT in high earth orbit. The pivoting arm servicer is 
mounted on the front of the tug. The docking probe is extended and the 
servicer mechanism is in operational status but positioned back against the 
stowage rack front face to minimize potential hazards during the docking 
operation. Figure VII-9 is a photo showing the same servicing operation as 
it was investigated with the mockup. 

Servicing of a large x-ray telescope with the pivoting arm servicer at 
the orbiter is illustrated in Figure VII-10. The stowage rack is shown in 
the operational configuration where it is supported from side mounts extend- 
ing up from the cargo bay longerons. The docking probe which is an integral 
part of the servicer is extended and ready for docking. The stowage rack is 
moved from the stowed launch location to the operational location shown by 
the SRMS. Figure VII-11 is a photo showing the same servicing operation as 
It was investigated with the mockup. However, the cargo bay was not mocked 
up and potential operational interferences with the sides of the cargo bay 
had to be visualized. 

The mockup investigations of pivoting arm servicing for orbiter or tug 
applications evidence how readily this type of on-orbit servicer can be 
adapted to servicing of both low and high earth orbit spacecraft. The two 
half sections of the stowage rack were examined for ease of module installa- 
tion. The side-mounting half, with the vertical webs, appeared to be more 
restrictive in module locations. The bottom-mounting half, with no dividers, 
appeared to be more flexible in module location. However, both halves were 
easily able to stow a representative half complement of modules. This was 
even true for the multiple spacecraft servicing situation. It was also 
relatively easy to locate the large (40 in. cube) modules for either inter- 
face mechanism form. 
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figure VII -9 Details of the Pivoting Arm Servicing the INTELSAT 
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Figure VII-10 Servicing the Large X-Ray Telescope at the Orbiter 


Figure VII-11 Details of Pivoting Arm Servicing the Large X-Ray Telescope 
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The UCRT was configured for both bottom- and side-mounting of modules. 
The resulting configuration appeared different, bottom-mountrng arrange 
:: Lules Ldiall. While the side-mounting arranged the 
rectangularly. In both cases, all the required modules could 

with some excess space. 

A single end effector design was derived which was adaptable to both 

• s of the SEU interface mechanism. The attach Interface, between the 
versions of the ini-t;i.i. enrface 

end effector and the baseplate, occurs at the erterior spacecraft surface 

A aiiniit- 9 inches from the mounting surfac 
for the side-mounting case, and about 9 ruches 

in the other case. This amounts to a 31 inch difference rn length 
end effector. The approach suggested is to move the attach rnterface up 
from the bottom so that it occurs in the same plane for both bottom- and 
side- mounting SKJ interface mechanisms. 

A typical operational module exchange sequence is shown in the series 
Of phtJof figure VXX-11. As the pivoting arm - 

the operational steps, module trajectory "^^ ""^el-IlLnsional investl- 

were observed. The mocknp provided an excellent three drm 

gatlon. NO operational or interference problems were noted durrng the 

ilstigation. However, utilisation of the mockup for design xnvestrga- 

tlons was only really just started. Different parts of the 

changed to allow much more detailed investigations of desrgn varra 


the future. 










Figure VI 1-12 Pivoting Arm 


Servicing Operational Sequence 
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D. ON-ORBIT SERVICER PRELIMINARY DESIGN 


During the course of this study and as discussed above, it was de- 
termined that for spacecraft servicing (module exchange), the pivoting arm 
device would be the most useful and the simplest mechanism. A more de- 
tailed conceptual design of this mechanism has been completed and is pre- 
sented here. 

This design has only two major components; (1) a pivoting arm serv- 
icer mechanism (as is shown in Figure VII-1) , and (2) a stowage rack for 
module transport. A docking mechanism is also shown for reference and so 
that the mechanical interface aspects can be more easily visualized. The 
servicer mechanism and the stowage rack were designed separately with in- 
terfaces for individual removal and replacement. This allows for simple 
removal for maintenance and also for quick ground reconfiguration. Stowage 
racks can be configured and loaded for particular flights prior to attach- 
ment to the carrier vehicle. It may be desirable to have available several 
stowage racks for this purpose. The docking mechanism and stowage racks 
are structured to accept longitudinal and bending loads imposed by the 
spacecraft during the docking and servicing phases. This structure is 
also capable of handling launch and crash loads when in the servicing only 
configuration. The concept is also adaptable to mounting a spacecraft on 
the docking mechanism during launch and reentry. For this case, the 
structure is capable of handling fore and aft launch and crash loads but 
will require auxiliary side load supports when the spacecraft is in the 
orbiter cargo bay. 

This concept does not preclude the use of a peripheral docking mechan- 
ism as proposed by McDonnell Douglas Astronautics Corporation. The central 
docking device is shown here for the purpose of showing the advantage of 
a central docking mechanism in regard to interfacing with variable space- 
craft diameters and the removal of interferences at the outer edge of the 
stowage rack. 

1. Pivoting Arm Servicer Mechanism 

The pivoting arm consists of three primary sections, the central posi- 
tioning mechanism, the arm mechanism, and the end effector as shown in 
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Figure VII-13. The central positioning mechanism incorporates two of the 
servicer mechanism's four degrees of freedom— shoulder roll and linear 
travel. The ann mechanism consists of an inner arm, an elbow, an outer 
arm, and a wrist. It incorporates the elbow roll and wrist roll degrees 
of freedom as well as the two position pitch drive. The end effector pro- 
vides the module attachment interface and contains the motor to drive the 
SRU interface mechanism latches. The end effector and the SRU interface 
mechanisms are described in Chapter V. The figure shows the travel of the 
various elements and the location of the edge of the spacecraft during 
module exchange. The docking probe is shown extended. After docking, it 
is retracted so the spacecraft takes the position shown. 

The central positioning mechanism provides the first two degrees of 
motion-shoulder roll and linear travel-, is the interface with the arm 
stowage mechanism, provides space for the docking probe, and interfaces 
with the arm mechanism. The physical expression of these functions is 
shown in Figure VII-14. The figure also shows the details of the arm stow- 
age mechanism which is described below. The interface between the shoulder 
roll drive and the stowage rack is a simple hinge and latch arrangement. 
These parts are well spaced to provide good bending and torsional stiff- 
ness as well as good alignment accuracy. The shoulder roll drive permits 
positioning the end effector along any radius of the stowage rack, or 
spacecraft. Precision and stiffness are obtained by use of two large di- 
ameter, thin section bearings. Note that the inner bearing race support 
structure (center post) also forms the support structure for the docking 
probe. This probe can be installed or not with no effect on servicer 
mechanism operation. The roll drive uses a DC torque motor with a 51:1 
gear reduction, most of which is obtained from a pinion through an idler 
to a large external gear fastened to the center post. The roll drive 
motor, gearing, brake, tachometer generator, and potentiometer are fastened 
to the linear drive support and move around the center post. Backlash can 
be controlled at the output gear mesh by shimming the roll drive housing 

or mounting the idler gear in eccentric bushirgs to obtain the desired 
low level. 
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The space between the center post and linear drive support can be used 
for wire bundle motion. Flat cable, or flat wiring, in the form of a loop 
could be put into this space , or an appropriate enlargement. 

A linear drive was selected as the simplest method of obtaining the 
desired motion parallel to the stowage rack/spacecraf t centerline (X mo- 
tion). Linear drives tend to be heavier and more complex than rotary actu- 
ators and are harder to, configure for good stiffness and alignment. How- 
ever, no reasonable form of rotary actuator configuration was discovered 
in our preliminary layouts. All the pivoting arm forms in the literature 
also used at least one linear drive. 

The linear drive support provides the required torsional and bending 
stiffness to support the arm mechanism. These structures are all designed 
to give the desired structural natural frequency when the maximum mass 
module is supported in the softest arm configuration. The 20 lb tip force 
should not cause too large a deflection of the arm tip. The drive support 
has-been sized to provide rigid local support of the linear drive rollers 
and so that the structural deflections due to pinion and rack loadings 
Will be acceptable. 

The linear drive has a rack and pinion as final output gearing. They 
are located midway between the locating rollers to minimize deflections 
and backlash. As there is no magnifying effect in the rack and pinion 
linear drive (as is the case between a rotary actuator output gear and 
wrist motion), backlash is not a problem. Four rollers are used for Z and 
pitch alignment and four other rollers are used for Y, roll, and yaw align- 
ment. While three rollers are theoretically all that are required, four 
are used to obtain a sli^tly smaller package. The rollers and support- 
ing tracks are sufficiently spaced to prevent binding. 

The linear drive contains a DC torque motor, 10.7:1 gear reduction, 
brake, tachometer and potentiometer. Note that an idler is provided to 
connect the output pinion to the rack. The outer part of the drive pro- 
vides the support and attachment for the inner arm. A sheet metal trough 
can be mounted to one (or both) side(s) of the roller guides to support 
the wire bundle loops. Again, flat cables or flat wiring can be used. By 
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attaching one end of the cable bundle near the mid point of travel, the 
unsupported length can be minimized. 

The arm mechanism, with its associated elements is shown in Figure 
VII-13 in three different positions— extended, maximum operating reach, 
and folded. Unequal arm segment lengths (inner 52.25 in., and outer 39.25) 
were used to obtain the desired arm stowage characteristics. The extended 
arm dimension was chosen so that at 90 percent of full reach (maximum 
operating reach) the arm would reach any SRU interface mechanisms at the 
outer edge of the stowage rack. The minimum operating reach (25 percent 
of full reach) is compatible with any anticipated central location of the 
SRU interface mechanisms. The 25 and 90 percent figures are those typi- 
cally used in manipulator design. 

Figure VII-15 shows the arm mechanism details. The inner and outer 
arm segments are thin-wall, square aluminum tubes to provide the maximum 
cross sectional moment of inertia for the volume available. It was de- 
cided to design a four DOF arm. This means that there can be tolerance 
buildups in the two degrees of freedom that are not available for control 
as is discussed in Chapter VI. The effect here is that the arm segments 
must be designed to be soft enough to compensate for the tolerances yet 
stiff enough to be controllable in the other degrees of freedom. The se- 
lection of the required stiffness level is beyond the scope of the present 
effort,. 

The elbow drive uses two large-diameter thin-section well-spaced out- 
put bearings to provide the desired stiffness with light weight. The gear 
reduction is an internal gear, double pinion system that we have used 
successfully in several manipulator arms. It permits adjusting the back- 
lash down to the low desired levels. The elbow drive contains a DC torque 
motor, brake, tachometer, and potentiometer along with the 110:1 gear 
reduction. 

The wire loop bundle can be routed around the outside of the drive or 
placed in sheet metal cans at one or both ends Of the drive. Again 
flat cable or flat wiring can be used. The limited travel and fewer wires 
simplifies the wire routing at this joint. 
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The two position pitch drive is located at the wrist end of the outer 
arm. Its purpose is to turn the modules end for end so they may be placed 
in the spacecraft or stowage rack. The drive is thus an indexing and not 
a servo controlled drive. As the index positions will be hard stops at 
the output shaft, gearing backlash is not a problem. Good bearing accuracy 
and stiffness must be obtained. A 25:1 gear ratio is used along with the 
motor, brake and a potentiometer. The potentiometer provides an indica- 
tion of when the joint is at a stop and provides a basis for ' generating 
the other drive signals as the module is turned end for end. 

The wrist roll drive design was driven by the desire to minimize length 
in the X (stowage rack centerline) direction so that the operating length 
would be minimized. The outer form of the end effector (Chapter V) was 
cylindrical and thus could be readily mounted in large diameter, small 
cross-section bearings as is desired. The drive then took the form of a 
large gear mounted on the end effector and driven directly by a pinion 
mounted on the motor shaft. This provided a 7:1 gear ratio and meant a 
slightly heavier motor than usual. As the wrist requires the lowest torque 
levels, the penalty is acceptable. The other drive elements --brake, tach- 
ometer generator, and potentiometer— are geared directly to the large 
gear. Note that a full 360 degrees of travel are provided in the wrist 
roll drive so that any module can be positioned in any roll orientation on 
the spacecraft. 

The two position pitch drive and wrist roll drive wire routing can be 
effected similarly to the methods suggested for the other rotary actuators. 

No part of this design is particularly unique. It accomplishes a 
straight-forward task by well known means. We have limited the use of the 
linear drive to one operation. The use of the linear drive at this posi- 
tion rather than at the end effector allows for the shortest distance be- 
tween spacecraft and stowage rack. The simple geometry of the pivoting 
atm means that the control system will be correspondingly simple. Whether 
doing automated or man-controlled functions, it is an exceedingly simple 
device to operate. 
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The pivoting arm servicer mechanism exchanges modules between the 
spacecraft and the stowage rack. The longer the separation distance be- 
tween the face of the stowage rack and the spacecraft interface, the 
greater the weight required to maintain adequate structural rigidity to 
meet the module exchange positional accuracies. The operational separa- 
tion distance required by our design shown in Figure VII-13 is 60 inches. 
This is a significant reduction from the TRW pivoting arm design which 
requires 105 inches for exchanging modules. Our design can exchange 40- 
inch modules in an operating length of 60 inches because the linear drive 
is on the main support structure at the shoulder rather than in the wrist 
as in the TRW design. Programming of the linear drive is required to 
drive it in a compensating direction as a module is rotated 180 deg dur- 
ing a module exchange operation. 

A weight statement for the on-orbit servicer is given in Table VII-2 
for the design described above. The data for the pivoting arm mechanism 
and for the stowage rack are given separately. The mechanism weight is 
close to what was previously estimated for the mechanism when the addi- 
tion of the folding capability is taken into account. Note that the dock- 
ing probe weight is not given. 

The stowage rack weight is somewhat heavier than earlier estimates 
due to two factors. The weight of twelve tracks (baseplate receptacles) 
has been included for the first time. More importantly, the structure 
has been designed to take the launch and crash loads when a spacecraft is 
mounted on the docking probe. This additional requirement, which may 
not be valid, has contributed in large part to the weight increase. 
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Table VII-2 On-Orbit Sevvioe-i} Weight Statement 


PIVOTING ARM ASSEMBLY 


136 lb 

ROTATING TUBE 

40 


UPPER ARM 

■ 5 


LOWER ARM 

5 


ELBOW DRIVE 

5 


LINEAR DRIVE 

8 


, HINGE PLATE AND BRACKETS 

25 


GEAR 

6 


BEARING SHAFT 

15 


ARM BASE PLATE 

5 


WIRING AND CONNECTORS 

10 


END EFFECTOR 

12 


STOWAGE RACK ASSEMBLY (EXCLUDING MODULES) 


484 lb 

OUTER SKIN (0.050) 

110 


END SKIN (0.040) 

98 


FRONT MEMBER 

25 


BIG FRAME 

55 


SHEAR PANELS (0.032) 

70 


BACK ANGLES 

27 


FITTINGS 

41 


ANGLES 

10 


INTERFACE MECHANISM TRACKS 

48 


(12 AT 4 lb EACH) 



CONTROL ELECTRONICS ASSEMBLY 


301b 

PIVOTING ARM SERVICER TOTAL WEIGHT 


650 lb 


2. Stowage Rack 

The stowage rack serves the following purposes: 

1) Serve as support structure for modules, side-mount and bottom- 
mount, 

2) May be designed as environmental enclosure and system support 
device for transported modules, 

3) Provides carry- through structure for docking probe and spacecraft, 

4) Acts as adapter to tug 

5) Provides attachment location for airborne support equipment for 
mounting in orbiter 
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6) Provides support structure for docking system latches 

7) Provides mounting structure for pivoting arm mechanism stowage 
device and its latches. 

The stowage rack as shown in Figure VII-13 is a continuation of the 176 
in, diameter tug outer skin. There are fore and aft ring frames, outer 
skin and suitable skin stiffeners. All crossing members are shown as 
shear panels and are used to support the module track assemblies which 
receive the removable modules. The front edge of the panel is supported 
by cross beams. These beams are required to resist side loading of 4 g*s 
crash conditions. They also serve as the front support member for 
attachment of the module track assemblies. At the rack center is a mc” 
chanical splice fitting to which all structural members are attached and 
to which the pivoting arm assembly attaches. Longerons are located at the 
outer skin to help spread out the longitudinal loads for equal distribution 
into the tug outer skin. 

3. Arm Stowage Mechanism 

An arm storage mechanism is located at the center of the stowage rack 
for; folding of the total pivoting arm ddring nonoperating periods. This 
shortens the stowage length in the orbiter cargo bay. Servicer mechanism 
stowed length is a critical design parameter because of both structural and 
launch cost impacts. The TRW pivoting arm servicer design has a stowed 
length of 105 inches. In our study considerable design effort was focused 
on minxmxzing the servxcer mechanism stowage length. Our design requires 
21 inches for stowing the servicer mechanism. The details of the stowed 
configuration are shown in Figure VII-16. The small stowage length is 
arrived at by hinging the pivoting arm center post and the docking mechanism 
tube at the forward face of the stowage rack. In the stowed configuration, 
the I pivoting arm then lies up against the face of the stowage rack. Note 
how the docking mechanism also lies flat against the front surface of the 
stowage rack. During the servicing operation the servicer mechanism would 
be rotated 90 deg to a position normal to the face of the stowage rack. 

The lower and upper segments of the pivoting arm are stowed by driving 
the elbow roll to a position where the arm is folded completely back on 
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VIII. STS IMPACT ANALYSIS 


As a necessary part of the study of the feasibility of the various 
maintenance concepts, the impacts on the elements of the STS were evalua- 
ted. The elements of the STS included primarily the orbiter and full- 
capability tug, although ground support impacts were also investigated. 
The main result of the STS impact analysis was that there were no major 

impacts identified. Several minor impacts were identified and are dis- 
cussed below. 

A. GROUND OPERATIONS 

Most of the work performed during this study involved the investi- 
gation of performing the maintenance of spacecraft while in orbit. 
However, it should be realized that the expenses of maintenance occur on 
the ground, during development, production and operations. Figure VIII- 1 
presents a schematic of the full recurring cycle of potential maintenance 
missions and represents the entire process that was investigated and 
costed by us during this study. The figure illustrates some 32 different 
activities, only eleven of which (marked with asterisks) directly in- 
volve orbital maintenance. This illustrates how orbital maintenance is 
closely interwoven with STS operations. 

In-depth assessments of ground and flight operational requirements 
as applicable to the STS elements and servicing hardware end items (space- 
craft, servicers, replacement modules, etc) were summarized. These as- 
sessments were made for the purpose of identifying those operational and 
support requirements which are common or unique to specific maintenance 
modes and/or servicing concepts. Further evaluations of each requirement 
provided indications of those which are included in the basic costing 
work breakdown structure (WBS); the remaining requirements were investi- 
gated as imposing potential Impacts on current STS designs or servicing 
program costs. 

Each of the three maintenance modes— expendable, ground refurbishable, 
and on-orbit maintainable--were considered. The on-orbit maintainable 
mode was represented by the pivoting arm on-orbit servicer, EVA, and SRMS 
maintenance concepts. For each of these five maintenance concepts, those 
associated STS elements and servicing hardware end items were compared 
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with conunon listings of operational (ground, flight, and recovery) func- 
tions and support (ground equipment, logistics, and facilities) items. 
Resulting requirements were then compared for commonalities or uniqueness 
among the maintenance modes and servicing concepts. Those requirements 
found to be included in the work breakdown structure were considered as 
presenting no design or costing impacts; those not in the WBS were eval- 
uated further to determine impact significance and/or magnitudes. 

Results of the assessments indicated no significant impacts of ground 
and flight operational/ support requirements on the STS elements or ser- 
vicing hardware end items. This result is commensurate with the NASA 
intention to design the STS to be compatible with all three maintenance 
modes. However, requirements for additional bonded storage space at the 
launch site were identified, and the need for additional flight support 
equipment (support structures, special-purpose manipulator end effectors, 
and EVA tools) was noted. Also, the assessments revealed other consider- 
ations (spacecraft contamination, crew safety, docking and latching mechan- 
ism selection, and multiple spacecraft dockings) which must be taken into 
account during subsequent studies. 

Each requirement identified during the STS impact analysis was defined 
in detail (quantities and weights of additional support items, additional 
training, additional personnel support, etc) and applied to subsequent cost 
support efforts (Chapter IX). Additional costs resulting from the require- 
ments were reflected in the total comparative costs generated for each main- 
tenance mode and servicing concept. 

Ground operational steps included in the STS impact analysis are 
shown in Fig. VIII-2 which represents the expendable spacecraft case. 

The detailed operational flows and functions shown represent those activities 
and operational steps required at the respective launch sites (ETR and WTR) 
during ground processing of the: 

(1) Orbiter, 

(2) Tug, 

(3) External tank, 

(4) Solid rocket booster, and 

(5) Spacecraft. 
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Figure VIII-2 Ground Proaeeaing Flowchart (Baseline) 
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Detailed assessments were made of each identified operational step in 
order to determine functional and support requirements and to establish 
requirement commonalities among the various hardware elements identified 
above. As the STS baseline flow is for the expendable spacecraft concept, 
it was only necessary to prepare a new assessment for the other four main- 
tenance concepts. The operational elements considered are shown in 
Table VIII- 1 grouped as to which are common and unique to the STS units. 

Table VIII-1 Opevational Elements Related to STS Units 



UNIQUE 

COMMON 

GROUND 

OPERATIONS 

PRODUCTION, FABRICATION, ASSEMBLY, 
AND ACCEPTANCE 
LAUNCH OPERATIONS 
RECOVERY PROCEDURES 
REFURBISHMENT ACTIVITIES 

RECEIVING INSPECTIONS 
FUNCTIONAL TESTING 
HARDWARE INSTALLATION 
INTEGRATED SYSTEMS TESTING 

FLIGHT 

OPERATIONS 

DEPLOY TUG, EOTS, OR FREE-FLYING 
SERVICER 

RETRIEVE FAILED SPACECRAFT FOR RE- 
TURN 

STOW SPACECRAFT FOR RETURN 

RENDEZVOUS/DOCKING 
ON-ORBIT SERVICING 

GROUND SUPPORT 
EQUIPMENT 

ADAPTERS 

ORDNANCE TEST EQUIPMENT 
GUIDANCE AND NAVI CATION TEST 
EQUIPMENT 

PORTABLE TRANSPORTERS 
MONITORING/TEST EQUIPMENT 
LATCH MECHANISM TEST EQUIPMENT 
ALIGNMENTEQUIPMENT 

LOGISTICS 

CRITICAL SPARES 

PAYLOAD REMOVAL INSTRUCTIONS 

TRANSPORTATION/HANDLING INSTRUCTIONS 
1 NTERFACE CONTROL DOCUMENTS 
TRAINING/S IMULATION PROCEDURES 
FLIGHT PLANS/OPERATIONS CHECKLISTS 

FACILITIES 

HAZARDOUS PROCESSING FACILITIES 

COMMODITIES 

RECOVERY FACILITIES 

PROCESSING/TEST FACILITIES 
CLEAN ROOM FACILITIES 
BONDED STORAGE AREAS 


As assessment efforts progressed, additional ground flows developed 
for the on-orbit servicer, and replacement modules were incorporated into 
the baselined flowchart. An illustration of the incorporated ground flow 
is presented in Figure VIII-3 for the on-orbit seirvicer. This simplified 
figure, as compared to Figure VIII-2, shows the major interaction points 
between on-orbit servicers and the baseline ground processing flow. It 
may be noted that the flow corresponds closely to the previously baselined 
flow for an expendable spacecraft, and its integration into the flowchart 
presented no significant impacts on either STS elements or program costs. 

other maintenance concepts (such as servicing by EVA or by use of the 
orbiter S RMS) were similarly evaluated, and their ground processing flows 
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were found to follow the same general flows as developed for the on-orbit 
servicer. The flows for the EVA and SRMS servicing concepts were found 
to be somewhat less complex than for the on-orbit servicer in that there 
are no operational interfaces with the tug. The flow for the on- orbit 
servicer could also be shown without the tug for missions where the on- 
orbit servicer is used to maintain LEO spacecraft. 

During the impact analysis, considerations were also given to those 
major flight operational functions which could potentially impact the STS 
elements or servicing hardware end items. Each major function was assess- 
ed in relation to each element and end item to determine commonalities 
among the elements/end items or to identify unique operations which 
could present potential Impacts on STS elerent or servicer designs. 

B. STS IMPACTS 

Although no major impacts were identified, Tables VIII-2, VIII-3, 
and VIII-4 present a summary of the orbiter, tug, and ground system 
impacts identified. These impacts are above the baseline capabilities of 
the STS as identified in Chapter III. They were identified from the 
totality of the contract work and not just those discussed in this chapter. 
The functional and hardware requirements of Chapter III provided a useful 

crosscheck. 

C. CARGO BAY UTILIZATION 

stowage of typical payload complements in the orbiter cargo bay was 
examined to identify any problems that might exist. Typical payload 
complements of on-orbit servicers, characteristic set spacecraft, orbital 
maneuvering system (OHS) kits and tugs were considered for the lEO and HEO 
cases. This check was for Che stowed configurations of the spacecraft 
as opposed to the servicing operations considerations of Chapter IV. It 
was concluded that there is adequate room in the orbiter cargo bay for 
the small payload combinations considered and that spacecraft in the maxi- 
mum STS efficiency configuration further decreased cargo bay stowage 

problems. 

The LEO case is shown in Figure VIII-4 which includes the OMS kit, 
the SPAR/ DSMA cargo bay only servicer and alternate stowage of the BESS, 
two GRAVSATS, or the LXRT. The lower half of the figure is for the SSPD 
expendable configuration of spacecraft while the upper half is for 

VIII- 


Table VIII- 2 Ovbiter Impacts Summary 


GROUND REFURBISHMENT 

SPACECRAFT EXCHANGE CAPABILITY 
ICONTAMI NATION CONTROL 


PIVOTING ARM 

CREW CONTROLS DISPLAY STA- 
TION 

STOWAGE RACK IN BAY 
thermal CONTROL OF MODULES 
CAUTION AND WARNING 
POWER DATA, FLUIDS, 5 COM- 
MAND INTERFACES 
PAYLOAD BAY VIDEO SYSTEM 


EVA 

SPACECRAFT SUPPORT PLATFORM 
CREW SAFETY REQUIREMENTS 
STOWAGE RACK IN RAY 
special purpose EVA TOOLS S END 
EFFECTORS 

ADDITIONAL TRANSLATION AIDS S 

TETHERS 

LIGHTING 

CONI AM I NATION CONS I DERATl ONS 
THERMAL CONTROL OF MODULES 
ADDITIONAL EVAs S EVA CONSUM- 
ABLES 

POWER DATA, FLUIDS, S COM- 
MAND INTERFACES 


SRM5 

CREW CONTROLS DISPLAY STATION 
ADDITIONAL CAPABILITY TO BASE- 
LINE 5RMS 

SPACECRAFT SUPPORT PLATFORM 
STOWAGE RACK IN BAY 
SPECIAL PURPOSE END EFFECTOR 
POSSIBLE ADDITIONAL ARM 
thermal control OF MODULES 
POWER DATA, FLUID, S COMMAND 
INTERFACES 


Table VIII -3 Tug Impacts Summary 


IGROUND REFURBISHMENT 


[spacecraft exchange CAPAB I L ITY 
(REQUIRES 2 TUGS FOR SOME SPACE- 
CRAFT IN GEOSTATIONARY 


PIVOTING ARM 


EVA 


DOCKING SYSTEM INTERFACE 
WITH SERVICER MECHANISM 

SPACECRAFT INTERFACES FROM 
TUG THROUGH SERVICER, TO 
SPACECRAFT 

IF PIVOTING ARM CARRIED 
ROUND TRIP, OTHER SPACE- 
CRAFT CAPABILITIES RE- 
DUCED AS FOLLOWS: FOR GEO- 
STATIONARY 

WAS IS 

DEPLOY 7926 7000 

RETRIEVE 3396 3200 

ROUND TRIP 2500 1920 

MODULES MUST ALSO BE CAR- 
RIED UP 

CAPABILITY TO DUMP MODULES 
BEFORE LEAVING GEOSTATIONARY 

POWER DATA, FLUID, & COM- 
MAND INTERFACES 

VIDEO SYSTEM 

THERMAL control OF SERVICER, 

I MODULES 


CREW SAFETY IF EVA PERFORMED 
WITH TUG IN BAY 

LEO SPACECRAFT SUPPORT PLATFORM 
AND STOWAGE RACK VOLUME CON- 
STRAINTS 


SRMS 


VOLUMES REACH RESTRAINTS IF 
SRMS USED FOR MAINTENANCE 
with TUG IN BAY 

LEO SPACECRAFT SUPPORT PLAT- 
FORM S STOWAGE PACK VOLUME 
CONSTRAINTS 


Table VIII-4 Ground and Other Impacts 



PIVOTING ARM 

EVA 

SRMS 

BONDED STORAGE AREA FOR SPACE- 
CRAFT 

BONDED STORAGE AREA FOR 
MODULES 

ADDITIONAL GSE 
SPECIAL PURPOSE SIMULATORS 
GROUND INVENTORY LOGISTIC 
PROGRAM 

GROUND CONTROLS DISPLAY 
AREA FOR SERVICER OPERATION 

SERVICER TRAINERS S MOCK-UPS 

BONDED STORAGE AREA FOR MODULES 
ADDITIONAL NEUTRAL BUOYANCY 
TRAINING 
ADDITIONAL GSE 

ground inventory LOGISTICS PRO- 
GRAM 

BONDED STORAGE AREA FOR 

modules 

ADDITIONAL GSE 

GROUND INVENTORY LOGISTICS 

PROGRAM 
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Figure VIII-4 Cargo Bay Utilization - LEO 

space” servicable tnaximum STS efficiency spacecraft configurations. The 
small spacecraft fit very well with plenty of room, but the LXRT will not 
fit when the OMS or cargo bay only exchanger mechanism is carried. The 
servicable form of GRAVSAT saved some additional length, but this did not 
occur for the BESS or LXRT. 

The comparable case for HEO is shown in Fig. VIII" 5 which includes a 
full capability tug, the pivoting arm on-orbit servicer, and alternate 
stowage of the upper atmosphere explorer (UAE) , international communica- 
tions satellite (INTELSAT), and environmental monitoring satellite (EMS). 
Any of these characteristic set spacecraft can be combined and flown 
with the pivoting arm servicer from a volume point of view. In this case 
there are significant cargo bay length savings associated with the maxi- 
mum STS efficiency serviceable spacecraft configurations. Note also that 
the pivoting arm on-orbit servicer uses up less of the cargo bay length 
than any of the expendable configuration characteristic set spacecraft. 
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F'lgure VIII- 5 Cargo Bay Ut'illzatlon - EEC 

D. OTHER CONSIDERATIONS 

During the performance of the STS impact analysis, a few areas were 
identified where special considerations will subsequently be required. 
Although the areas of concern do not present impacts on the current STS 
element designs, they may influence future efforts associated with the 
development of operational or procedural constraints for each servicing 
mission. The areas of concern identified during the analysis were: 

1. Contamination - operational or procedural constraints on orbiter 
venting or thruster firings may be necessary to preclude the 
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contamination of critical spacecraft surfaces and hardware during 
servicing operations while the spacecraft is in or adjacent to the 
orbiter. 

2. Spacecraft Configuration - design considerations may be necessary 

relative to the retraction (and subsequent redeployment) of spacecraft 
appendages (antennas, protuberances, etc) to permit placement of the 
spacecraft in the orbiter cargo bay (or alongside the orbiter) during 
servicing operations. 

Spacecraft Design for EVA - design considerations will be necessary 
to assure that serviceable spacecraft meet design requirements for 
EVA servicing. These considerations will also apply to the incor- 
poration of required crew tanslation aids and restraints. 

L. nocking Mechanism - consideration will be necessary to assure that 
docking mechanisms on serviceable spacecraft and the various ser- 
vicers are universally compatible. This consideration should be 
extended to cover compatibilities between the spacecraft replacement 
modules and their associated module exchange mechanism(s) . 

The configuration of the docking mechanism can strongly affect the 
configurations of the spacecraft and of the on-orbit servicer. This 
point was addressed with respect to the servicer at some length in 
Chapter IV, where adaptability of the servicer to either central or 
peripheral docking mechanisms was used as a design criteria. The 
selected pivoting arm servicer can be adapted to central or peri- 
pheral docking systems. However, there are some limitations. 

These are illustrated by Fig. III-6 which shows a square frame docking 
mechanism and its relationship to a typical spacecraft and a pivoting 
arm servicer as represented by a stowage rack location. The inter- 
ference between the docking mechanism legs and crossbars and the end 
of the spacecraft can be easily seen. About one-half the useable 
axial module replacement volume is lost for large diameter space- 
craft and somewhat more for small diameter spacecraft. 

^ Monitors - consideration will be necessary to assure that 

adequate monitoring devices (data displays, video monitors, etc) are 
incorporated to assist the crewmen and ground support personnel in 
the monitoring of servicing operations. 
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Figure VIII- 6 Square Frame Booking Mechanism Interface 

6. Contingency Planning - extensive planning and procedural development 
activities will be necessary to cover any contingencies encountered 
during the various servicing modes and concepts. 

It should be re-emphasized that the foregoing considerations do not 
impact the current STS element design efforts; however, they are believed 
to be of significance when future serviceable spacecraft programs are 
developed. 
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IX. COST GENERATION AND ANALYSIS 


One of the most important facets of this study involved the deter- 
mination of the economic benefits to NASA and to the user community of 
developing the capability to perform maintenance on spacecraft of the 
shuttle era. This involved not only the determination of the economic 
benefits of maintenance, in general, but also the determination of 
which mode, concept, and system will provide the greatest economic 
benefits, and for which spacecraft programs. In order to accomplish 
these evaluations, costs were developed for flying the shuttle era 
automated spacecraft program in the three competing modes of expendable, 
ground refurbishable, and on-orbit maintainable. Costs were also developed 
for performing on-orbit maintenance using EVA, SRMS, and an on-orbit 
servicer mechanism. Costs were developed to compare the two best 
servicer mechanisms, a pivoting arm-axial module removal-servicer, and 
a general purpose manipulator-radial module removal-servicer. 

Results of the economic analyses showed that the greatest economic 
benefits to NASA and to the user community would come from the earliest 
possible development and use of a pivoting arm servicer mechanism. Over 
9 billion dollars can be saved during the shuttle era with an early 
development and early user acceptance of a pivoting arm servicer. 

This chapter will discuss the approach, assumptions, costing tech- 
niques and equations, development of data, and results used to obtain 
this set of conclusions. 

A. APPROACH 

An important part of the understanding of the techniques and results 
of the economic analysis is a knowledge of the ground rules used. Table 
IX-1 presents a brief summary of some of the more important ground rules. 
The first rule presented - a constant availability across all three 
maintenance modes - was used to establish the basis of the costing anal- 
ysis and is discussed in more detail below. 
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Table IX-1 Cost Estimation Ground Rules 


•AVAIU^BILITY AND SPACECRAFT PROGRAM DURATION HELD CONSTANT ACROSS 
ALL THREE MAINTENANCE MODES 

•ALL COSTS ARE 1975 $ 

•STS COST PER FLIGHT (ORBITER - $12.0 MILLION, FULL CAPABILITY TUG - LI 
MILLION) 

•SHUTTLE IOC 1980 AT ETR 

•SHUTTLE OPERATIONAL FROM WTR - 1983 

•FULL CAPABILITY TUG lOC-DECEMBER 1983 

•LEO SPACECRAFT LAUNCHED ON EXPENDABLE LAUNCH VEHICLES IN 1979 CONSIDERED 
FOR SERVICING WITH ORBITER STARTING IN 1980 

•MEO AND HEO SPACECRAFT LAUNCHED WITH '’^^ERIM TUGS IN 
CONSIDERED FOR SERVICING WITH ORBITERfFULL CAPABILITY TUG STARTING 

IN 1984 

•SPACECRAFT PROGRAM COSTS CALCULATED FOR ALL THREE MOOES FROMJL979-1991 
FOR LEO SPACECRAFT AND FROM 1982-1991 FOR MEO AND HEO SPACECRAF 

•MAINTENANCE PERFORMED ON AUTOMATED SPACECRAFT FLOWN DURING SHUHLE ERA 

•NO DOD OR SORTIE LAB SPACECRAFT CONSIDERED FOR MAINTENANCE 


Figure. IX-1 presents a brief flow schematic depicting the performance 
of the cost analysis. In performing the total economic analyses, a "quick 
look", preliminary analysis was performed to determine the main cost 
drivers, and then a detailed "baseline" analysis was performed using the 
best data to obtain the most accurate results. This was followed by a 
sensitivity study to determine the accuracy and validity of input data, 
the effects of data inputs on results, and the effects of possible future 
changes in input data on the study results. 


The general approach used to perform the costing involved the estab- 
lishment of a Work Breakdown Structure (WBS) which was used to help cost 
the three modes. The WBS was established so that all of the maintenance 
modes, maintenance concepts, and spacecraft programs could be costed using 
the same WBS. Figure IX-2 presents the WBS used and Table IX-2 presents 


the WBS dictionary explaining the iteirrs In the WBS 
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Figure IX- 1 Cost Analysis Perfoimanoe 
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Figure IX- 2 Work Breakdown Struoture 
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Table IX- 2 Work Bvedkdown Structure Dtationary 


WBS TITLE; SPACECRAFT PROGRAM 


This element summarizes those projects (spacecraft, 
spacecraf t/modula refurbishment, maintenance con- 
cept, orbiter and tug), as applicable, to accomplish 
expendable, ground refurbishable and on-orbit main- 
tainable spacecraft programs. 

WBS TITLE: SPACECRAFT 


WBS Number ; 10 

This element summarizes the DDT&E, production and 
operations phases. Each phase includes the direct 
and indirect effort to provide hardware, software, 
services and facilities as required. 

WBS TITLE: SPACECRAFT-DDT&E 


WBS Number; 11 

This element consists of the one time cost of design, 
development, testing and evaluation of spacecraft 
hardware. Specifically, it includes the following: 
development engineering and development support, major 
test hardware, captive and ground test, ground support 
equipment, tooling and special test equipment, site 
activation and other program peculiar costs not 
associated with repetitive production. 

WBS TITLE : SPACECRAFT-PRODUCTION WBS LEVEL 3 

WBS Number: 12 

This element consists of the costs associated with 
producing flight hardware through acceptance of the 
hardware by the government Including all costs to: 
fabricate, assemble, checkout and acceptance test 
of flight hardware, spares, and maintenance, of tool- 
ing and special test equipment, 

WBS TITLE; SPACECRAFT-OPERATIONS WBS LEVEL 3 

WBS Number; 13 

This element consists of the repetitive services 
and activities that comprise launch 


WBS LEVEL 1 


WBS LEVEL 2 


WBS LEVEL 3 
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Table IX-2 Work Breakdown Struature Diotionary (Cant’d) 


\JT\S Number; 13 (Continued) 

operations . Launch operations include spacecraft 
receiving and inspection, prelaunch checkout, orbiter/ 
tug mating and checkout, and launch countdown. Flight 
operations Include mission planning, flight control, 
data reduction, analysis and documentation. 

WBS TITLE: SPACECRAFT/MODULE REFURBISHMENT 

WBS Number; 20 ' 

This element consists of restoring failed spacecraft/ 
modules, retrieved from orbit, to a flight readiness 
condition for subsequent missions. This effort in- 
cludes removal from the orbiter, shipment to the 
vendor’s facility, inspection, disassembly, mainten- 
ance, refurbishment and acceptance testing, and 
shipment to launch site. 

WBS TITLE: SPACECRAFT/MODULE REFURBISHMENT -OPERATIONS 

WBS Number; 23 

Same as Spacecraft/Module Refurbishment 

WBS TITLE: MAINTENANCE CONCEPT 

WBS Number; 30 
Same as Spacecraft 

WBS TITLE: MAINTENANCE CQNCEPT-DDT&E 

WBS Number; 31 
Same as Spacecraft-DDT&E 

WBS TITLE; MAINTENANCE CONCEPT-PRODUCTION 

WBS Number ; 32 

Same as Spacecraft-Production 


WBS LEVEL 2 


WBS LEVEL 3 


WBS LEVEL 2 


WBS LEVEL 3 


WBS LEVEL 3 
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Table IX- 2 Work Breakdown Structure Dictionary (Cont'd) 


WBS TITLE: MAINTENANCE CONCEPT -OPERATIONS WBS LEVEL 3 

WBS Number: 33 


This element summarizes the cost of launch operations, 
flight operations and refurbishment including all 
management and supporting functions. 

WBS TITLE; PROJECT MANAGEMENT WBS LEVE L 4 

WBS Number: 3X1 

This element summarizes the activities of cost/per- 
formance management, configuration management, in- 
formation management and GFE management required to 
accomplish overall project objectives. 

WBS TITLE: PROJECT ENGINEERING AND INTEGRATION WBS LEVEL 4 

WBS Number: 3X2 

This element summarizes the activities of analysis 
and integration, shuttle interface, payload inter- 
face, reliability, quality assurance, safety and 
human engineering required to direct and control 
the design. 

WBS TITLE: HARDWARE-AIRBORNE WBS LEVEL 4 

WBS Number: 3X3 

This element summarizes the subsystems of a vehicle 
system and its assembly and checkout. Each sub- 
system includes the design, development test, qual- 
ification test of components and subsystems, tooling, 
procurement, hardware fabrication, quality control, 
assembly and checkout efforts which satisfy applic- 
able design requirements . 

WBS TITLE: STRUCTURES AND THERMAL WBS LEVEL 5 

WBS Number; 3X31 

'f ■ , 

This element is the load carrying entity which pro- 
vides mounting and supporting surfaces for all 
equipment. It consists of the body or primary 
structure, secondary structures such as brackets, 
mounts, fairings, pyrotechnics and the thermal 
protection and insulation systems installed on 
the structural components. 
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Table XX 2 Woi^h Bveakdown Stvuatupe D'Cationavy (Can't ^d) 


WBS TITLE: MECHANISMS 

WBS Number; 3X32 

This element is the mechanical or electromechanical 
devices of the on-orbit servicing system that will 
repetitively move objects from one point to another 
and may involve latch/attach operations. 

WBS TITLE: CONTROL ELECTRONICS 

WBS Number: 3X33 


This element is the electrical and electronic signal 
conditioning equipment of the on-orbit servicing 
system except those contained within a spacecraft 
module or available as STS baseline equipments. 


WBS TITLE; ASSEMBLY AND CHECKOUT 

WBS Number; 3X34 


This element summarizes the activities and materials 
required to perform final assembly, checkout and 
acceptance testing of the completed system. 

WBS TITLE; SPARES -AIRBORNE 


WBS Number : 3X4 


This element summarizes the effort to fabricate and 
maintain subsystem spares necessary to support the 
servicing and maintenance of system hardware at 
test and launch sites. 

WBS TITLE: LOGISTICS 

WBS Number: 3X5 

. This element summarizes the effort to develop, im- 
plement and maintain a logistics activity to support 
the system hardware and includes maintainability 
analysis, spares management, analysis of support 
requirements, inventory management, warehousing and 
storage, training requirements and equipment, tech- 
nical manuals and transportation analyses and plan- 
ning. t' “ 


WBS LEVEL 5 


WBS LEVEL 5 


WBS LEVEL 5 


WBS LEVEL 4 


WBS LEVEL 4 
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Table IX‘^2 Work Breakdown Structure Dictionary (Concl 'd) 


WBS TITLE: GROUND SUPPORT EQUIPMENT WBS LEVEL 4 

WBS Number; 3X6 

This element summarizes the design, production, soft- 
ware and maintenance activities for equipment required 
during fabrication effort and at the launch site to 
checkout, test, service, handle, transport, maintain 
and refurbish the airborne hardware. 

WBS TITLE; FACILITIES WBS LEVEL 4 

WBS Number ; 3X7 

This element covers facilities (new or modification 
to existing) for fabrication, test, launch, mainten- 
ance and refurbishment of an operational program. 

Use of basic launch and operations facilities planned 
for the orbiter (if appropriate) is not included. The 
facilities effort includes planning, acquisition or 
modification and maintenance. 

WBS TITLE: OPERATIONAL SITE SERVICES WBS LEVEL 4 

WBS Number ; 3X8 

This element summarizes the repetitive services and 
activities of launch operations, flight operations 
and maintenance /refurbishment. Launch operations 
include vehicle receiving and inspection, prelaunch 
checkout, orbiter/ tug mating and checkout and 
launch countdown. Flight operations include mis- 
sion planning, flight control, data reduction, 
analysis and documentation. Maintenance/refurbish- 
ment is restoring the reusable airborne vehicle, 
after each mission, to a readiness condition for 
subsequent missions. All costs pertaining to the 
vehicle inspection, maintenance/ refurbishment , both 
scheduled and unscheduled testing and checkout are 
included . 
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costing equations for each of the inodes were then established to match 
the WBS cost format. Figures IX.-4, lX-5. and IX-6 present the costing 
equations used for the three modes of expendable, ground refurbishable, 
and on-orbit maintainable. They are presented in the respective WBS for- 
mats and show the various cost parameters which were- input. Table IX-3 
presents a definition of all the cost parameters used. 

Table IX-3 Costing Pavametevs 


parameters - SAME FOR ALLMnDF<; i 

n 

- NUMBER OF OPERATING 
CYCLES (NUMBER OF EX- 
PENDABLE SPACECRAFT) 


- ON-ORBIT FLEET SIZE 

^s/c 

- SPACECRAFT UNIT COST 

^NR 

- SPACECRAFT DDT&E 

LF 

- LOSS FACTOR. EMPLACE 

R 

- RATIO OF LAUNCH C/0 TO 
S/C COST 


parameters - DIFFERENT FOR FAHH MnnF 


expendable 


SUS- 

TAINING 


GROUND REFURBISHARIF 


LF, - LOSS FACTOR -RE- 
TRIEVE 


LF^ - LOSS FACTOR, S/C 


RF 

PF 

SF 


- REPLACEMENT S/C 

- PARTS FACTOR 


ON-ORBIT /VIAINTAINARIF 


FACTOR TO modify 
S/C UNIT COST 

D - FACTOR TOMODIFY 
DDT&E 


"KPG 


SUSTAINING 


- LOSS FACTOR, S/C 

- PARTS FACTOR 

- FACTOR TO MODIFY S/C 
UNIT COST 

- FACTOR TO MODIFY 
DDT&E 


C^po - SUSTAINING 


a - launch SHARING FACTOR 
FOR ORBITER 

Cg - ORBITER LAUNCH COST 
Ag - LOAD FACTOR, ORBITER 


^S1 

"S2 

'SN 


- SERVICER PRODUCTION 

- SERVICER OPERATIONS 

- SERVICER DDT&E 


LAUNCH SHARING FACTOR 
FOR TUG 

TUG LAUNCH COST 
LOAD FACTOR, TUG 


B. MISSION MODEL SELECTION 

For the cost analysis, the expendable mode consisted of launching the 
desired number of satellites to obtain the desired on-orbit fleet size and 
then replacing each satellite as it fails until the program is complete. 

The ground-refurblshable maintenance mode is similar to the expendable 
mode except that when a satellite fails it is retrieved from space, repaired 
and checked out on the ground, and then again placed in orbit. When the 
availability requirement is high, then additional spacecraft are procured 
in the ground refurbishment mode so that the replacement spacecraft can be - 
launched as soon as possible. The failed spacecraft is retrieved on the 
launch flight if the capability exists, otherwise on a separate flight. 
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Figure IX-4 Expendable Cost Equatioji 
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Figure IX-5 Ground Sefurbishable Cost Equation 
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Figure IX-6 On-Orbit Maintainci>le Cost Equation 

The on-orbit maintainable mode also starts like the expendable mode ex- 
cept that when a satellite fails, an on-orbit servicer carries replacement 
modules to the failed satellite, replaces the failed modules as well as 
any degraded modules, and then the on-orbit servicer returns to earth. 
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The economic comparison o£ the three maintenance modes; expendable, 
ground refnrblshable, and on-orbit maintainable, involves a knowledge of 
the number of spacecraft failures expected, the nunier of spacecraft on- 
orbit at one time, the fraction of a spacecraft that should be maintained 
and the number of spacecraft that might be lost. Several of the prior an 
current studies have obtained measures of these items by use of reliabil- 
ity simulation models incorporating the Monte Carlo process. To use sue 
a model requires input data on anticipated failure rates, or reliability 
functions, for the level of element (spacecraft, module, subsystem, or 
component) that is being considered. In our case, we were “ 

module failures so that reliability parameters would have to be estab 
at the module level. One problem that arises is that this data must e 
selected so that the resultant anticipated number of spacecraft failures 
fits the number of launches and on-orbit fleet sixes of the SSPD. T is 
would involve an Iterative process which must be performed for each of 
the spacecraft programs of Interest. This process would involve a signifi- 
cant detailed amount of work and would be too refined to be consistent 
with the level of definition of the data in the SSPD and payload model 
ir was determined that the use of a simulation model in this study woul 
have been too precise with regard to the proper sensitivity for t e eci 

sions to be made a 

The decision on which maintenance mode to develop should not be based 
on the assumed reliability of some module in some spacecraft; reliabi ity 
estimates can change and certain spacecraft programs might never exist. 

More expliclty. one of the objectives of our study was to select and 
justify between the three maintenance mode alternatives: expendable, 

ground refnrblshable, and on-orbit maintainable. Part of that selection 
involved an understanding of the sensitivity of the selection to the 
various parameters involved. Each of the spacecraft program elements 
would be varied about its nominal value as a part of the sensitivity 
study (section L) to determine its importance in evaluating 
Che recommended mode. Therefore, it was primarily necessary c at a 
representative number be established for each spacecraft program elemen . 
If it should develop that the mode selection critically depends on speci- 
fic values of certain spacecraft elements, then a rationale different 
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from the comparative costing analysis would have to be used to make the 
decision as we can have little confidence in any prediction of th i 

::::::: fLe « twenty years in the future. ; 

later showed that the general conclusions of the cost analysis 
insensitive to a wide variation in the data.) 

in performing the economic evaluation, we have suggested and 
analytic method of calculating the important costing parameters rather 
0X 0-10 computer simulation model. We chose the analytic methn 

;r:: .... .. ..... -r ■ 

“ " “r,:r r. ... - 

economic benefits. T y , a ability and a constant spacecraft 

f mr^intainine a constant program availability ana a 
of maintaining selected mission 

reliability across the three maintenance modes for th 

reliability a . ^ costing was the maintenance 

model. The study mission model * Til 

applicable set of spacecraft, as described in chapter . 

Ibis model is a very preliminary estimate and is ^ 

Significantly as time - ' „,Ich to make the 

must be considered as the best r p possible 

economic evaluations and the data in it can be ^ 

to accept some uncertainty in the spacecraft program elements. The 
of the uncertainties were fully evaluated In the sensitivity stu y. 

Before that mission model could be used for the sensitivity 
Before rna rtid^^ncies in the data which could project 

r,r,c necessary to eliminate inconsistencies in 

was necessd y tHp basic premise of 

e-^c^nt-ipcs into the cost comparison. Tne oa f 
errors or uncerta -resents a basic relia- 

the analytic technique is that the mission model present 

Wl-t of a spacecraft and a basic availability for the spacecraft program 
bility of a p 4-hP three modes. The three para- 

and these must be held constant across the thre 

1 th-t data are the number of operating cycles (n) , 
meters which represent th. time (AOI) of 

the on-orhit fleet size (nf) , and the average operating 

each spacecraft. 

mnle if the performance of a certain group of experiments 
'”3 o e s Ic r ft in orbit and the mission model shows one launch 
:: Hears, then . can he essn..d that that spacecraft is 
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expected to perform reliably for one year after launch before an expected 
failure, and that a replaceraent spacecraft would be launched after one 
year, and each succeeding year, up to four replacement flights. Even 
though that spacecraft may eventually be developed and built with a higher 
reliability, we must use an expendable spacecraft with a one year average 
operating time (AOT) with four replacement flights as the basis for 
costing across the expendable, ground refurbishable, and on-orbit mainte- 
nance modes. We could then accomplish that mission with five expendable 
spacecraft, with one spacecraft that is brought back to the ground and 
refurbished once each year, or with one spacecraft that is refurbished 
on-orbit each year. This case would be represented by the number of op- 
erating cycles being five (n * 5) , the on— orbit fleet size of one ~ 1) 
and the average operating time being 1 year (AOT = 1) . 

Similarly, where the SSPD shows a spacecraft that is launched and then 
serviced on-orbit every year for four years after the initial launch, it 
is postulated that this mission can also be performed by launching five 
one-year expendable spacecraft, or by returning it to the ground and 
repairing it each year. 

These basic postulates on spacecraft reliability are necessary to 
insure that the costing of three separate maintenance modes was performed 
equitably. 

The raw data-in the mission model presented these parameters, but in 
many cases the data was inconsistent and had to be revised. For example, 
the SSPD launch schedule for INTELSAT showed 16 launches, an on-orbit 
fleet size of between 7 and 10, and an average operational time of from two 
to 16 years. In another source, the average operational time vras shown as 
> 1. These types of inconsistencies existed for about half of the space- 
craft. The method used to reconcile these inconsistencies involved the 
following general steps; 

1) Obtain correct on-orbit fleet size for each spacecraft program 
from an independent source or analysis of mission objective. 

2) Maintain the same number of flights as in the mission model. 

3) Maintain the same launch schedule as in mission model. 
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4) Modify average operational time to be compatible with correct 
on-orbit fleet size, 

5) Modify launch schedule as required if step 4) is not sufficient. 

The original maintenance applicable set contained 49 spacecraft pro- 
grams with 335 missions, A revised mission model for the maintenance 
applicable set of 47 spacecraft programs and 317 missions was established 
for the preliminary cost analysis. During the performance of the pre- 
liminary analysis, it was discovered that the mission model being used was 
penalizing the on-orbit maintainable and ground refurbishable modes for 
some programs during the later portion of the period being investigated 
in that spacecraft were being launched without being serviced. Since the 
cost benefits of maintenance, whether on the ground or in-orbit, occurs 
only when a spacecraft has been serviced, and a cost penalty must be paid 
to first produce and launch a maintainable spacecraft, it was felt that 
to make the cost comparison between the three modes more equitable, it 
was necessary to complete some amount of servicing on all spacecraft that 
were launched. This made it necessary to consider missions past 1991.. As 
a minimum, it was decided to service each spacecraft that was launched 
prior to 1991 at least once (that would be compared with launching another 
expendable spacecraft at tha same time). Since the preliminary cost anal- 
ysis also showed that the more a spacecraft was serviced, the greater the 
savings over the expendable mode, it was also decided to extend certain 
spacecraft programs in the period after 1991 by having more than one 
servicing per spacecraft. This was done on spacecraft programs started 
immediately prior to 1991 that were planned to last for longer than the 
2 or 3 year period until 1991. The revised mission model was then expanded 
for the 47 programs from 317 missions to 340 missions, all 23 additional 
missions occurring after 1991. Figure IX-7 presents the maintenance mission 
model used for the final cost analysis. Table IX-4 presents a summary of 
the maintenance applicable set mission model data for values of n, nj, and 
AOT as used during the various phases of this study. The "ORIGINAL" column 
lists n, n£, and AOT values originally developed during the first half of 
the study. The "PRELIMINARY" column lists the n, n£, and AOT values for 
the revised mission model used during the preliminary cost analysis in the 
third quarter of this study. The "FINAL" column lists the final mission 
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model used in the final cost analyses and includes the 23 additional mis- 
stons flown aftet 1991 to provide a more e<|urtable comparison between 
expendable and maintainable modes. 

Another factor observed during the performance of the preliminary cost 
analysis indicated that the mission model used also could penalize some 
expendable spacecraft programs during the early portion of the shuttle era. 
This was because in the cost analysis a total DDT&E cost was included for 
each expendable program, and for each maintainable program, regardless of 
whether or not those programs had flown expendable spacecraft prior to 
1979. If a program had flown spacecraft prior to 1979, then almost no 
new DDT&E would be required to fly expendable spacecraft after 1979. How- 
ever, it is possible that almost all of the DDT&E budgeted for the on-orbit 
maintainable spacecraft would still be required, over and above the DDT&E 
already expended for the expendable spacecraft. It was not possible to 
calculate the effect of this problem and xt was decided to temporarily 
ignore it. It was decided to designate those programs which 
might be affected by this problem, review the total costs at the end of the 
cost analysis, and then to determine the possible effects on those total 
program costs. Table IX-5 presents a list of the programs in the mainte- 
nance mission model which launch spacecraft prior to 1979. The 1979 date 
applies to low earth orbit (LEO) spacecraft only. High earth orbit 
spacecraft are to be flown expendable until 1982. 

It should be noted here that the economic benefits of servicing are 
highly dependent upon the mission model being considered. The SSPD and 
payload model data were combined into a mission model to create as "real” 
a test case as possible to be used to compare costs for servicing against 
expendable. The actual missions flown during the shuttle era will almost 
certainly vary quite widely from this mission model, but it is hoped that 
the data in the sensitivity analyses will provide indications as to what 
happens to the costs as the mission model varies. 

C. LAUNCH COST REIMBURSEMENT POLICY 

Launch cost reimbursement policy (LCRP) is the name given to the 
method to be used to charge the space shuttle users and to reimburse NASA 
for the recurring costs of the space shuttle system including, for our 
purposes, both orbiter flights and tug flights. Since most of the system 
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Table IX-S Spaaearaft Programs with Laundhes Prior to 1979 (1982) 



PAYLOAD 


LAUNCHES, 


PAYLOAD 

MODEL 


1979 AND 

LAUNCHES PRIOR TO 

NO, 

CODE NO. 

SPACECRAFT NAME 

AFTER 

1979 

AS -03 -A 

AST-IB 

COSMIC BACKGROUND EXPLORER 

7 

?(9 BETWEEN AST-1 A, 





AST-1 B, AST-IC) 

SO-03-A 

AST-3 

SOLAR MAXIMUM MISS ION 

6 

1 

HE-09-A 

AST-4 

LHE0 8 

1 

3 

HE-07-A 

PHY-IA 

SMALL HIGH ENERGY SATELLITE 

6 

?(9 BETWEEN PHY-IA, 





PHY-IB, PHY-IC, PHY-lDl 

EO-08-A 

EO-3 

EOS 

16 

3 

EO-IO-A 

EO-5 

APPLICATIONS EXPLORER 

16 

3 




LAUNCHES, 
1982 AND 

LAUNCHES PRIOR TO 




AFTER 

1982 

AS-05-A 

AST-IC 

ADVANCED RATIO AST. EXPL. 

3 

?(9 BETWEEN AST-1 A, 





AST-18, AST-IC) 

AP-Ol-A 

PHY-IB 

UAE 

2 

?(9 BETWEEN PHY-IA, PHY- 
IB, PHY-IC, PHY-ID) 

AP-02-A 

PHY-IC 

EXPLORER -MEDIUM ALTITUDE 

3 

? 

EO-09-A 

EO-4 

SEOS 

8 

1 

E0-12-A 

EO-6 

TIROS 

2 

1 

CN-51-A 

NN/D-l 

INTELSAT 

18 

14 

CN-53-A 

NN/D-2B 

DOMSAT B 

14 

?(20 BETWEEN NN/D-2A, NN/D- 





2B, MOST PROBABLY ALL 
ARE NNiD-2A) 

CN-55-A 

NN/D-4 

TMS 

14 

11 

CN-60-A 

nn;d-5 

FOREIGN COMSAT 

24 

13 

EO-56-A 

NN/D-8 

EMS (AIR SATI 

7 

2 

EO-57-A 

NN(D-9 

FOR. SYNCH. MET. SAT. 

6 

2 

EO-58-A 

NN/D-IO 

GEO. OP. MET. SAT. 

8 

6 

E0-61-A 

NNID-11 

EARTH RESOURCES SURVEY OP. SAT. 

11 

4 


will be reusable, the costs will involve mainly operations costs plus some 
costs for the nonreusable portion (external tank) . Because one of the 
purposes of the STS is to provide low launch costs to potential users, a 
policy is required to calculate the lowest costs to users, while still 
permitting NASA to recoup recurring costs of the system. 

The basic premise used for the LCRP in this study is that every STS user 
pays for the portion of the orbiter and tug capabilities that his spacecraft 
requires. This means that first the capabilities of the orbiter and the tug to 
emplace and retrieve spacecraft in various orbits must be known. What- 
ever percentages of this capability that a spacecraft uses is the percentage 
of the total launch cost that that particular spacecraft must pay. 

For the orbiter, the capability is calculated in terms of the weight 
of the spacecraft to be carried, and the volume of the spacecraft, since 
it must occupy a portion of a limited volume in the cargo bay. For the 
tug, only the spacecraft weight is included in the capability; the space- 
craft volume is important only in the cargo bay. (Weights and volumes 
of payload support system cradles, adapters, control and display equipment, 
and tug support equipment must be included, where applicable.) 
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The Space Shuttle Payload Accoromodatlons document (bibliography item 
D-1) and the B^^Pline Space Tug documents (bibliography items E-5 thru E-8) 
provide current indications of orbiter and tug capabilities. Tables IX-6 
and IX-7 and Figure IX-8 provide a summary of the orbiter and tug capabil- 
ities as used for the LCRP. Note that the orbiter volume capability is 
measured in terms of payload bay length utilized. This policy then tends 
to force a spacecraft designer to use as little of the length of the payload 
bay and as much of the diameter for his spacecraft as possible, resulting 
in potentially better space utilization of the payload bay. 


POINT DETERMINED BY 



Figure IX-8 Tug Geostationary Performance 

Equations were established to calculate how much weight and length each 
payload should he charged. Two major categories were estahllshedi low 
earth orbit spacecraft, delivered only by the orbiter, and tug-dellvered 
spacecraft. For the maintenance applicable set, the tug-dellvered space- 
craft comprise two subgroups; those going to geostationary orbits and those 
going to nongeostationary orbits. These correspond, roughly, to high earth 
orbit (HEO) missions and medium earth orbit (MEO) missions, although one of 
the nongeostatlonary spacecraft goes to twice geosynchronous altitude but 

with no plane change. 
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Table IX-6 Orbiter and Tug Capabilities 



WEIGHT 

LENGTH 

ORBITER UP capability 

SEE FIGURES 3*3 THROUGH 3-12 OF 
BIBLIOGRAPHY ITEM D-1 

65,000 lb MAXIMUM, ALSO NOMI- 
NAL FOR 28.5° INCLINATION, UP 
TO 190 n mi ORBIT 

60ftWITHOUTOMS KITS 

50.3 ft WITH 1, 2, or 3 
OMS KITS 

ORBITER DOWN CAPABILITY 

SEE FIGURE 3-15 OF Bl BLIOGRA- 
PHY ITEM D-1 

32,000 lb MAXIMUM, ALSO NOMI- 
NAL FOR ALL CIRCULAR ORBITS 
250 n mi AND 90° INCLINA- 
TION 

60 ft WITHOUT OMS KITS 

50. 3 ft WITH 1. 2, or 3 
OMS KITS 

TUG UP CAPABILITY 

7,500 lb TO GEOSTATIONARY WITH 
NO DOWN (SEE FIGURE IX-8) 

TUG ORBITS OTHER THAN GEOSTA- 
TIONARY CALCULATED SEPA- 
RATELY. (SEETABl£|X-8> 


TUG DOWN CAPABILITY 

3, 200 lb FROM GEOSTATIONARY, 
WITH NO UP. (SEE FIGURE IX-7) 

TUG ORBITS OTHER THAN GEOSTA- 
TIONARY CALCULATED SEPA- 
RATELY. (SEE TABLE IX-7) 



Table IX--? Tug Capabilities fov Nongeostationary Spaaeeraft 


SPACECRAFT 

ORBIT (APOGEE-nmil 
PER IGEE-n mi/ INCLIN- 
ATION- Degree) 

MAX UP 

CAPABILITY 

(lb) 

MAX DOWN 

CAPABILITY 

(lb) 

NUMBER OF MISSIONS 
IN MAINTENANCE AP- 
PLICABLE SET 

GEOSTATIONARY 

19,323/19,323/0° 

7,900 

3,400 

128 (80%) 

AST-8 

38,635/38.635/28.5° 

8,850 

4,130 

4 (2,5%) 

PHY-IB 

1,900/140/90° 

22,490 

125, 220 
(ORBITER 
LIMITED TO 
32,000)“ 

2(1,25%) 

PHY-IC 

19,986/1,000/28.5° 

23,660 

25,310*' 

3 (1.875%) 

PHY-3A 

6,895/6,895/55° 

16,780 

16,490 

1 (0. 625%) 

PHY-3B 

6,895/6,895/55° 

16,780 

16,490 

2(1.25%) 

EO-6 

915/905/102.97° 

15,510 

83, 910 

(ORBITER LIMITED 
TO 32, 000)“ 

2(1.25%) 

NN/D-8 

915/905/102,97° 

15,510 

83,910 

(ORBITER LIMITED 
TO 32, 000)'» 

7 (4.375%) 

NNlD-11 

490/490/99° 

21,620 

268,720 

(ORBITER LIMITED 
TO 32, 000)“ 

11 (6.875%) 

TOTAL 




160 


'■TUG PLUS ORBITER INTERFACE REQUIRES 7,05Q OF32,000, LEAVING 24,950 FOR SPACECRAFT, 
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Table IX-8 presents a list of the equations used to calculate the weights 
and lengths to be used for charging, for the expendable, ground refurbish- 
able, and on-orbit maintainable modes for LEO spacecraft, only. Table IX-9 
presents the weight equations used for tug charging, and Table IX-10 pre- 
sents the weight and length equations used for orbiter charging, for the 
MEO and HEO spacecraft. Table IX-11 provides a definition of all terms 
used in Tables IX-8, IX-9, and IX-10. There are some difference in the 
ground rules used to calculate up and down weights and lengths for Tables 
IX-9, and IX-10. Table IX-12 presents a list of the ground rules 
used to calculate up and down weights and lengths. 

Table IX-12 Ground Rules for Up and Vown IXeights and Lengths 


FULLY-LOADED SPACECRAFT ARE LAUNCHED, WHERE APPLICABLE 
IN ALL THREE MODES; HOWEVER, ONLY EMPTY SPACECRAFT (CON- 
SUMABLES HAVE BEEN USED OR PURGED) ARE RETRIEVED FOR 
GROUND REFURBISHMENT. 

FULLY-LOADED MODULES ARE LAUNCHED FOR ON-ORBIT MAINTE- 
NANCE; HOWEVER, EMPTY MODULES ARE RETURNED FOR LEO SPACE- 
CRAFT, WHILE NO MODULES ARE RETURNED FOR TUG-DELIVERED 
SPACECRAFT. 

THE PAYLOAD SUPPORT EQUIPMENT IS RETRIEVED FOR ALL MODES 
FOR LEO SPACECRAFT; THE PAYLOAD SUPPORT EQUIPMENT IS NOT 
RETURNED FOR ALL MODES FOR TUG-DELIVERED SPACECRAFT. 

THE B FACTOR IS MADE UP OF B UP AND B DOWN. WHERE B DOWN 
IS NOT ZERO, B UP IS USED TO CALCULATE ORBITER UP CHARGES 
AND B DOWN IS USED TO CALCULATE ORBITER DOWN CHARGES. 
WHERE B DOWN IS ZERO, B UP IS USED FOR BOTH. 


After the calculation of the STS capabilities, and the calculation of 
the up and down weights and lengths, the next step is to combine them into 
the correct terms for the LCRP. Table IX-13 presents the equations used 
to do this. Note the basic difference between the equations used for 
orbiter and for tug* The reason they are different is that the up capa- 
bility and the down capability of the orbiter are indepedent of each 
other j while on the tug, they are directly dependent on each other, as 

was shown in Figure IX-8. For the orbiter, a = Mx F f, , f., 1 , a = 

up L 1» 2 J ’ down 



Table IX-8 Wight and Length Equatiojis for LEO Spaoearaft 

EXPENDABLE 


* "up - "s/C + "c&D ■" " PL SUP 

(for n) 

w = w + w 

DN C&D PL SUP 

(for n) 

^up " S/C Sl sup 

(for n) 

^DN “ Sl sup 

(for n) 

GROUND REFURBISHABLE 


^UP * '^S/C S&D Sl sup 

(for n) 

^DN " '^s/c " Sons S&d Sl sup 

(for n-n^) 

'^DN ~ S&D Sl sup 

(for Of) 

Sp ^s/c Sl sup 

(for n) 

^DN “ ^S/C Sl sup 

(for n-ri£) 

Sn ^ ^PL SUP 

(for nf) 

ON-ORBIT MAINTAINABLE 


Sp " S/C S&D Sl sup 

(for n^) 

TJ " W “f“ W 

”dN C&D PL SUP 

(for tif) 

w = W + W + W 

”up SER ”mODU C&D 

(for n-n^) 

w = w + w + w 

DN SER MODD C&D 

(for n-nj) 

Sp "" ^ S/C Sl SUP 

(for n^) 

Sn " Sl SUP 

(for nj) 

Sp ^SER 

(for n-n£) 

Sn ” ^SER 

(for n-n^) 


* SEE TABLE IX-11 FOR DEFINITION OF TERMS 


Table IX-9 


Weight Equations for Tug for MEO & HEO Spaoeoraft 


EXPENDABLE 

* "" '^S /C ^PL SUP 

RROUND REFURBISHABLE 

^UP ^S/C ^PL SUP 
^DN = ""S/G " W ^PL 
ON- ORBIT MAINTAINABLE 

^UP “ ^S/C ^PL SUP 
^UP '^SER ^MODU 
^DN "" ^ SER 


(for n) 

(for n) 

(for n-tir) 

SUP 

(for n^) 
(for n-n^) 
(for n-n£) 


* SEE TABLE IX-U FOR DEFINITION OF TERMS 


Talle U.:o an, Ler^tH E,ua,u>ns fo. OrUter fo. MEO , eeO Spaaea^,, 


EXPENDART.R 


%P = ""s/C ^PL SUP ^c&D + F> 

^DN ” ^C&D ''' 

^UP “ ^s/c ^PL SUP + 

^,DN " ^ (L^ug) 

GROUND R EFURBTSHArt.p 

V “ ""s/C ''c&D "pL SUP + F> 

^DN ^s/c " ^CONS ■*■ ^ 

^DN " ^C&D ■*■ ^^^tUG E^ 


(for n) 
(for n) 
(for n) 


”dn - "s/c ■ "cons + "pL SUP + "c&D + '><"tug 


(for n) 


(for n-n.) 


f'jTp ~ E "i" L 

UP S/C PL SUP 


+ b(L_., ) 
TUG'' 


^dn ^s/c Sl sup ■*'^^^tug^ 
^DN *^^Sug^ 


£N~^IT~ MAINTATNArt.p 


(for n^) 
(for n) 
(for n-n^) 
(for n^) 


"up = "s/C + "pL SUP ^ "cRD "^>("tuG 

(for n^) 

"dn "■ "c&D + 

r 

(for n.) 

"up " "sER + " mODU "c&D '■("tug p> 

t 

(for n-n^) 

"dN = "SBR + "C6J) + '’("tug E> 

f' 

(for n-n^) 

^UP ' ^S/C + >1.1 SUP + '>ttTUG> 

(for n^) 
(for n_) 

^nxT * b (L ) 

DN XUG^ 

^UP * ^SERV 

f'' 

(for n-n^) 

^DN “ ^SERV 

f' 

(for n-n^) 


SEE TABLE IX-U FOR DEFINITION OF TEEMS 


Table IX^ll definition of Terms 


W. 


UP 


w. 


DN 


■'UP 


DN 

“s/c 


w 


C&D 


W. 


PL SUP 


'S/C 


'PL SUP 


w 


CONS 


w 


SER 


W, 


MODU 


W. 


MODD 


SER 


W, 


TUG F 


W, 


TUG E 


'TUG 


= Wcdght carried up, charged to particular program, lbs 
= Weight carried down, charged to particular program, lbs 
= Length carried up, charged to particular program, ft 
= Length carried down, charged to particular program, ft 
= Fully-loaded spacecraft weight, lbs 

= VJeight of spacecraft-dedicated controls and displays, lbs 
= Payload bay spacecraft support equipment weight, lbs 
= Length of spacecraft, ft 

— Payload bay spacecraft support equipment length, ft 
= Weight of consumables in spacecraft, lbs 
s= Servicer weight, lbs 

= Weight of modules carried up (fully loaded) , lbs 
= Weight of modules carried down (empty) , lbs 
= Servicer length, ft 

= Weight of fully loaded tug in payload bay, lbs 
= Weight of empty tug in payload bay, lbs 
= Length of tug, ft 

= Tug charging factor used to charge tug up and down to 
orbiter costs 
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Table IX-13 Shuttle User Charges -Launch Cost Reimbursement Folioy Evaluations 


CHARGE 

ORBITER 

TUG 

PL UP 

Mx 

[V 2 I 'a"" 

^ '^ORB 

f QJm 

'5 A 
^ Ajyc 


Mx 

\ 2 T 1 C orb 

f C Tug 
^ ^TUG 

PL DOWN 

3’M a 

■ ^ '^ORB 


, _ PL up wt .. ■ - 

L ~ PL up wt capability + PL dn wt capability 

, ^ PL up length 

7 ' PL up length capability + PL dn length capability 

, _ PL dn wt 

^3 ' PL up wt capability + PL dn wt capability 

, ^ PL dn length 

M PL up length capability + PL dn length capability 

, PL up wt 

^5 ' PL up wt capability 

, ^ PL dn wt 

0 PL dn wt capability 


C 3’^4^ ^ 3^p + ^down ^ C^3’^4]* the tug, 

\p ~ ^5’ ^down " ^6’ ^ = \p + ^down " ^5 ^6' average load 

factors for the orbiter and the tug, = 0.70 and = 0.85, were 

suggested by NASA. Table IX-14 presents a summary of the spacecraft in 
the maintenance applicable set and the values used to calculate up and 
down weights and lengths. These values were taken mostly from the SSPD 
and the payload model and modified for use, as appropriate, although data 
on the payload support equipment weights and lengths were based on data 
from the MMC Study, Multi-Use Mission Support Equipment, NAS8-30847 (biblio 
graphy items J-10, -11, and -12). Table lX-15 presents the up and down 
capabilities as used for the maintenance applicable set, and Table IX-16 

presents a summary of a and b for the spacecraft in the maintenance appli- 
cable set. 

Table IX-17 presents another form of summary of the data from the 
launch cost reimbursement policy as used for this program. The data is 
presented in the form of "equivalent orbiter flights", and "equivalent 
tug flights" required to fly the maintenance applicable set in the expend- 
able, ground refurbishable, and on-orbit maintainable modes. As can be 
seen, the number of "equivalent orbiters" required for the on-orbit main- 
tainable mode is quite a bit less than for expendable, while the number of 
"equivalent tugs" is about the same. The numbers of "equivalent orbiters" 
and of "equivalent tugs" can be converted directly into cost. (The ground 
refurbishable mode clearly requires more tug and orbiter flights.) 

One of the purposes of utilizing a form of LCRP to cost the maintenance 
modes was to show the dependence of results on the form of the LCRP used. 

The value of total savings and costs, the selections of the most economic 
maintenance mode, and maintenance operations considerations (return module 
or not, expendable servicer, etc.) all depend on the form of the LCRP 
used. The variations in the parameters used in this study for the LCRP 
were investigated in the cost sensitivity study. However, changes in the 
methods used to calculate LCRP as suggested in Table IX-18 can have an 
effect on the results of this study. 
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Table IX- 14 Up and Down Weights and Lengths Svmmavy 


Payload 

No. 

Payload 
Model 
Code No. 


'^S/C 1 


LEO Spacecraft Name 

EX 

GR 

OOM 1 

'^nAD ^PL 

AS-03-A 

AST-lR 

cosmic Backeround Exolorer 

1312 . 

1347 

1980 

200 

Eili 

SO-03-A 

AST-3 

Solar Maximum Mission 

1643 


ismi 

26 

-4 

HB-09-A 

AST -4 

I.arpe Hieh Enerev Observatory B 

13792 

13827 1 

14460 

265 


HE-03-A 

AST-5A 

Extended X-Ray Survey 

■TOHiil 




■1 


AQT-SR 

T.arvp Hiph Enernv Observatory A 

18515 1 

18550 1 

19183 1 

265 

- 4 . 


AQT-Sr 

T.arpe Hieh Enervv Ohservatorv C 


IllWl 


265 

■II 

H'tJ-05-A 

AST-5D 

Hieh Latitude Cosmic Ray Survey 

14904 

14939 

15572 

265 

— , 

1 AS -01 -A 

AST-6 

Laree Space Telescope 

20169 

20204 

20837 

265 

__ , 

*“ S0-C2-A 

AST-7 

Large Solar Observatory 

K£££EII 



assami 


HB-I 1-A 

AST-9A 

Larae Hiah Enerav Observatory D 


ussaam 

(£££1011 


- 

HR-01 -A 

AST-9B 

Large X-Rav Telescope Facility 

wsssm 






■' AS-07-A 

AST-Nl 

3m Ambient Temperature IR Telescope 

18282 

18317 

18950 

265 



AS-ll-A 

AST-N2 

1.5m IR Telescope 





■1 

AS-13-A 

AST-N3 

UV Survey Telescope 

mEm\ 

■S^l 

EEEQii 

Bsaii 

Hil 

AS-14-A 

AST-N4 

Im UV - Optical Telescope 





HI 

AS-17-A 

AST-N5 

30m IR Interferometer ^ 

WSESOk\ 

mm»m\ 

femai 


HI 

HE-07-A 

PHY-IA 

Small High Energy Satellite 

HlEUll 



eoai 

HI 

AP-04-A 

PHY-2A 

Gravitational and Relativity Satellite - LEO 


wmm\ 

■SEOII 

t£tm\ 


HE-12-A 

PHY-5 

Cosmic Ray Laboratory 

21453 


U'il'ifll 

mni 


LS-02-A 

LS-1 

Biomedical Experiment Scientific Sateiitte 

4965 

5000 ■ 

5633 

265 1 

____ 

E0-08-A 

EO-3 

Earth Obseivatory Satellite 




■SiiiJHi 


EO-IO-A 

EO-5 

Applications Explorer (Special Purpose Sateiiitej . 

310 

345 

97S 

lOU 


OP-02-A 

EOP-5 

Gravity Gradiometer 


■rWMI 


BOOH 



OP-04-A 

EOP-7 

GRAVSAT 

6805 

6840 

8141 

100 


0P-05-A 

EOP-8 

Vector Magnetometer Satellite 

310 

345 

978 

100 


OP-51-A 

NN/D-14 

Global Earth and Ocean Monitoring System 

2841 

2876 

3509 

100 




MEO/HEO Spacecraft Name 






AS -05 -A 

AST-IC 

Advanced Radio Astronomy Explorer 


\waaesM 




AS-16-A 

AST-8 

J,arpe Radio Observatory Array 

iiiyy 


ZOP/ 

ZDJ 


AP-Ol-A 

PHY-lB 

Upper Atmosphere Explorer 

2004 

1988 

2621 

251 



AP-02-A 

PHY-IC 

Explorer-Medium Altitude 

599 

583 

maasM 

iiaai 


AP-05-A 

PHY-3A 

Environmental Perturbation Satellite-A 

3281 

3^16 

3949 

251 


“ AP-07-A 

PHY-3B 

Environmental Perturbation Satellite-B 



maasm 

551 



E0-09-A 

EO-4 

Synchronous Earth Observatory Satellite 

dd7b 

1 

\ 4U44 

100 


B0-12-A 

EO-6 

TIROS 

4706 

\msEsm 


100 


' CN-51-A 

NN/D-1 

INTELSAT 

2o9o 



100 

— 

CN-53-A 

NN/D-2B 

bOMSAT B 

3246 

3281 

3914 

100 

CN-58-A 

NN/D-2C 

DOMSAT C 

1913 




. .1 

rN-54-A 

NN/n-1 

Qisaster \Jarning Satellite 

1285 

LJZO 

iybj 

iUO 


CN-55-A 

NN/D-4 

Traffic Management Satellite 

bsy 

693 

1326 

iUU 

. 




705 

740 

1373 

100 






IBEISSI 


imaa 



E0-56-A 

NN/D-8 

Environmental Monitoring Satellite 

4860 

4895 

5528 

100 


EO-57-A 

NN/D-9 

Foreign Synchronous Meteorological Satellite 



1183 

100 

. 

EO-58-A 

NN/D-10 

Ceo synchronous Opera tionaL Meteorological Satellite 


iHoai 

IUkcI 

■msi 



E0-61-A 

KN/D-11 

Earth Resources Survey Operational Satellite 

1616 

1651 

2284 

100 


EO-59-A 

NN/D-12 

Geosynchronous Earth Resources Satellite 

IBSEim 

twasam 

■KTiECI 




EQ-62-A 



1 3376 

1 3411 

1 4044 

1 100 
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Table IX-15 Orbiter and Tug Up and Down Weight and Length Capabilities 


Payload 

No, 

Payload 
Model 
Code No. 

LEO Spacecrafc Name 

Orb Up 

Orb Dn 

Tug 

Up 

Tug 

Dn 

Wt 

Lng 

Wt 

Lng 

!■ 

■i 



Cosmic Backeround Exolorer 



ItMM 

60 

^ 

J 


AST-J 

Solar Maximum Mission 



I^K9 

Eaoii 

iHHil 

1^1 


BiE^M 

Large High Energy Observatory B 

Hia» 



EmMi 


ihBii 


rMnEkf« 


liHiai 


BlMl 

EQBH 

ihmii 

ai 


^3iS!sHI 


maH 

EIOM 

EEIM 

Bi— 


IMIi 

■RTSVV^ 




i^S 


Si 

■■■1 

■» 



Hich Latitude Cosmic Rav Survey 

■iW 

iQHii 

mai 


■ail 

Ml 






iom 

Ha 

■n 

■■■ 


RCE0BB 

Large Solar Observatory 

MM 

60 

32K 

60 

TT 

■BB> 




iK&lslri 

Ibocai 

wvm^A'M 


/ 


■■nvinsi 


Large X-Rav Telescooe Facility 

MdM 

mmm 


IdiHB 


~rn 



3m Ambient Temoeraturc IR Telescooe 


mm 


60 

-■ 

■»1 

AS-ll-A 




EmI 

iB9U 

60 



AS-13-A 



KB31 


UsiM 

60 

TXZ 

IIHIH' 


AST-N4 


65K 


wmm 

60 

miBi 

i^iiH 

Ml III in 

niEKai 


■mb 

Bam 


■ilillil 


■M 

■i 1 1 1 1 1 1 1 



WESsm 

QBBI 

KBHI 

ISBlH 

\ 

■■■ 

Ml irrrn 

{Siffiyai 

Gravitational and Relativity Satellite - LEO 

mum 


WfWM 

e&sH 


■■B 


ISQBH 

Cosmic Ray Laboratory 


l3SiHH 

Ha 

ElSIi^l 

■■■ 

IMI 


n3»M 

Biomedical Experiment Scientific Satellite 


EEKBI 


iSKH 

mmm 

■Bil 

■ISS^SQ 


Earth Observatory Satellite 

8K 


IPIMB 

msm 

■an 

■■il 

1 |i|M 1 1 1 


Applications Explorer (Special Purpose Satellite) 

14K 

■gilCT 

wetwM 


■Mil 

■Ml 






■titlM 

60 

IJBH 

IHHI 

■■Tiznnn 


GRAVSAT 



iBaB 

60 

ibbbii 

ilBBlI 

KSEEBSS 


Vector Magnetometer Satellite 



mw!i 


IHBBI 

lIBHIl 

■EIZBra 

iCTEEBai 


■EEH 

■.Ilf 

■iMMSi 

■aa»«i 

IflBH 

1 t 



MEO/HEO Spacecraft Name 


■ 

■ 

■ 

■ 

■ 

MLgf.i'ira 

riWiiotf 

Advanced Radio Astronomy Exolorer 

MBai 

60 

BQH 

60 

HSSQfl 



^EXCM 


65K 

60 

ESM 

60 


Vf 

■E3EIEE1 

PHY -IB 

Upper Atmosphere Explorer 

37. 5K 

60 

BgH 


Vtf ‘ 


wii'im 

l-JU'OM 

Explorer-Medium Altitude 

HEe!3H 

IR3H1 

iPBB 

Ml 

* ! 

* 


jjit'fliM 

Environmental Perturbation Satellite-A 

■QEiaH 



Ea 

~ir~ 


■22QS33 

BSSUBI 

Environmental Perturbation Satellite-B 

■i-lOMi 

ll^HH 

EB3H 

bmh 

* _ _ 

* 

■ISBEgE! 

{SBHB 

Synchronous Earth Observatory Satellite 

65K 

60 

EBaa 

|^M| 

■HiBM 

■iMiHM 


ISE9B1 

TIROS 



IEB3BI 

EOHI 

v< 

MB' 

■B3BBSI 

GBKGBH 

INTELSAT 

■i^M 

I^MI 

IES3BI 

BBW 

mmm 




DOMSAT B 

MyilBI 


MiMM 

Mi 

■iifiliM 

■iMiIiB 



DOMSAT C 

■EBaB 

I^MI 

lEBM 

B9BI 


■Mffi» 

niftim 

Riaaaai 


65K 

60 

ICRM 

jEsmi 


■tPBtni 

WHSSJJil 

Ei^EQBH 

Traffic Management Satellite 

65K 

60 

IEB91 

EsbiB 


EEEEli 


IMHiHiliW 


65K 

60 

lEBM 



U>fTiM 




65K 



IKHM 


M.TIU^ 

lerai 

1 EO-56-A: 

NN/D-8 

Environmental Monitoring Satellite 

29. 5K 


mm 

I^Bi 

* 

ZZl 


NN/D-9 

Foreign Synchronous Meteorological Satellite 

65K 

Itaif 

lEEn 

Mmm 

BE&n 

paei 


NN/D-10 

Geosynchronous Operational Meteorological Satellite 

Bi^ai 


lEBSBI 

E&HI 


fcPiWMlI 


rUTiWIBI 

Earth Resources Survey Operational Satellite 

33K 

60 

IHHaM 

I^Hli 


* II 



Geosynchronous Earth Resources Satellite 

65K 

60 

iBaaw 


IU3SUM 

■J200 1 



Slic 

60 

li^i 

\S3SmlM 

lUISS 



*See Table 2 


Wt in pounds; Lng in feet 
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IX-ie LCBP Values used fov lOSS 


H 

Kji 

to 



Payload 

No. 


■ AS-W-A 


SO-03-A 


HE-09-A 


HE-03-A 


HB-OB-A 


Hg-;o-.A 


HE-05-A 


AS-OI-A 


S6-02-A 


HK-lt-A 


g-Ol-i 


AS -07 -A 


AS-II-A 


AS-13-A 


AS-IA-A 


AS-17-A 


HE-07-A 


AP-OA-A 


HE-12-A 


LS-02-A 


EO-O83A 


eo-io-a 


OP-02-A 


OP-OA-A 


OP-OS-A 


f>P-51-A 


i>3-05-A 




AP-Ol-A 


AP-02-A 


AP-05-A 


AP-07-A 


E0-09-A 


EO-12-tf 


CNriiiA 


CN-53-A 


CS-58-A 


CN-5A-A 


rN-55"A 


r.N-56-A! 


■ f1W-S37^ 


EO-56-A 


En-57-A 


Fn-58-A 


F.n-6l-A! 


EO-59-A 


Payload 
j Model 
Code No 


;ast-i.B- 


iAST -3 


L^-A 


Fast-sa 


ASX-a- 


AST-SC - 


AST-5D 


AST-6 


AST-7 


AST-9A 


AST-9B 


lAST-HI 


IAST-K2 


IAST-N3 


AST-NA 


ASI-N5 


PHY-1A_ 


PHY-2A 


FHY-5 


LS-1 


EO-3 


EO-5 


EOP-5 


EOP-7 


EOP-8 


tW/D-lA 


AST-IC 


AST-8.. 


PHY-IB 


PHY-IC 


PHY-3A 


PHY-3B 


EO-A 


E0-_6 


NN/D-1 


NN/D-2B 


NN/D-2g 


NW/D-3 


NN/D-A 


riN/D-SA 


NN/D-6. 


NN/D-8 


nw/d -9 


NN/D-10 


NN/D-11 


NN/D-12 


~Fn-62-AlNN/D-l3. 


LEO Spacecraft Name 


Ba d foround Explore r, 


gniar Maximum Mission 


raT-f . g High Energy Observatory,. B_ 


Tvrpnded X-Rav Survey. 


T Hig h T i nfrs^ ohservatoiY .. ^ 

. _i_ nv,c«»rvatorv_C_ 


T i flVg** 

High Enp^Rv ob-servatPtY -H 


T.arge ciigti-Y 

Hi oh Laritude C o ™lr Ray Survey .. 

m — 1 


Large Space Te lescope . 


T.arpe Solar Observatxry_ 


T.aree Hi r9 F""-nY OB^ervaCorv D_ 
“ — rr'TT warxli-tv 


T.ai-pp- X-Bav Telesc ope Facllrt^L- 


Am Ambient Temperature TR Telescope 


1 :9m IR. Telescope 


IIV Survey Telescope 


Im UV - Optical Telescope 


TOm IR Interferometer, 


Small High Energy Satellite 


^aHitaCional and RelativTry Satellite - LEg, 


Cosmic Rav Laboratory 


K^^^^^ screntrirc SaielTI^ 


Earth Observatory Satellite 


rspen a. Rurno^e aatauui 


Cravitv nradiometer 


CRAVSAT 


Vector Magnetome ter Satellite^ 


PI .hoi Earth ocean Monitorinfi Syste^ 


MKO/HEQ Spacecraft Name 


.a„i oood Radio Astrop otpy Explorer 

-■ _ ArrAV 


- [ , arop Radio nbserv o'-orv Array 


Upper Atmosphe re Explorer 

" if _■!! Al»-i 


Explorer -Mediu m 


EFF;7i^mencal Perturbarion Satellite.:^ 


Fni^^riiiiintal P^urbatiorLSg^^ 


^^ 7 ;; 7 :h 7 F;;F^u~s~Eart^ Observatory Sa telli^ 


TIROS 


INTELSAT 


DOMSAT B 


nOMSAT C 


llTgagrer y iai-nine Satellite, 


Traffic Management- Satellite. 


c/irai^n rommunic at-ion SareUit?-A - 


PrntaLYii&- 


Fivironmenral Monitor.i op, Satellite 


Fnreioii Syn c brnnous MeteorolnEi'--^^ Satelli te 




Forrh Pesoorces r.rnny OKrafional SateUit^ 


oooc^ynrhronou F Earth Resources Satellit e. 


EX 


g„-o-ron svnchr o -^''^ >=»rth ObrPnf.f inn Satellit e 










































Table IX- 17 Launch Cost Reimbursement Policy Summary 




expendable 

GROUND 

refurbishable 

ON-ORBIT 

a/iaintainable 


n 

Sa 

^orb 

Sb 

'^TUG 

Sa 

^orb 

Sb 

^JUG 

Sa 

^ORB 

Sb 

^TUG 

LEO 

180 

83.3 

“r 

132.7 

-- 

30.5 

— 

MEO & HEO 

160 

84.2 

83.5 

116.1 

144.4 

69.1 

83.4 

TOTAL 

340 

167.5 

83.5 

248.8 

144.4 

99.6 

83.4 

EQUIVALENT OR BITERS 
REQUIRED 

168 


249 


100 

■ 

EQUIVALENT TUGS 
REQUIRED 


84 


145 


84 


^ORB ' \uG " 


Table IX- 18 Suggested Changes to LCRP 


1) DIFFERENT LOAD FACTORS FOR UP AND FOR DOWN TRAFFIC 

2) DIFFERENT COSTS FOR UP AND FOR DOWN TRAFFIC 
31 NO COST FOR DOWN TRAFFIC 

4) VARIABLE DOLLARS PER lb FOR TYPE OF MISS ION, i.e. 
TUG, lUS, SORTIE, AUTOMATED S/C, PLANETARY’ 
SERVICERS, ETC 
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D. PARTS FACTOR 

The main cost savings in going from an expendable satellite program 
to a maintainable program is the smaller number of satellites that must be 
purchased. The primary item that reduces this savings is the cost of 
maintaining the satellites and the most important parameter in determining 
that cost is the parts factor, which is the ratio of the cost of the 
replaced modules (or refurbished parts) to the total satellite unit cost. 

Parts factors represent the portion of the satellite that is repaired 
or replaced. The basic idea of the parts factor is expressed as; 

roRt of Replaced Modules Weight of Replaced Modules 

Parts Factor = satellite Unit Cost Satellite Total Weight 

The replacement modules are generally considered as modules to replace 
failed modules, and it was necessary to first examine the types of failures 
that could necessitate module replacement. Generally, three types of 
failures are encountered in spacecraft; design failures, random failures 
and wear-out failures. Design failures are failures that usually occur 
soon after launch and usually occur in all components of the same design 
in any fleet of spacecraft. Random failures can occur any time in the 
life of a spacecraft and are the usual type of failures handled by reli- 
ability techniques. Wear-out failures usually occur near the end of the 
design life of a spacecraft and represent such things as running out of 
propellant. The parts factors that were used in this study represented 
only the random failures and the wear-out failures. Design failures were 
handled and are discussed separately. The parts factor used here was made 
up of a random failure parts factor and a wear-out failure parts factor. 

The module data developed by the Aerospace Corporation in the Operatio ns 
(Study 2.1V payload D esiens for Space Servicija^ (see bibliography 
items F-19 and F-20) were used to help develop parts factors. In that study 
Aerospace developed standardised modules for a large number of missions 
from the NASA payload model. They modularized 29 spacecraft of which 26 
were represented in the 49 spacecraft programs in the maintenance appli- 
cable set. we have used the reliability data developed for their modules 
to help determine parts factors in our study. We did not use the, fact 
that these modules were standardized modules. We used the Aerospace data 
since it represented the best available data on what typical modularized 
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is replaced to start new at time = 3 t . Continuing in this way, the un- 
reliability at 4r thus becomes e + h + j + k and this portion of a module 
is replaced to start new at time = 4 t . The process is repeated as often 
as necessary to cover the servicing intervals desired. It must be done 
for each module (or module with a different reliability function) of each 
spacecraft to obtain the parts factors. The pattern of identifying the re- 
liabilities makes their calculation quite simple. 

Step 1 

= 1 - R( »■ ) = b 

Step 2 

c = R( r ) - R(2 T ) 

U2 = c+ f = c + bUj^ 

Step 3 

d = R(2 t ) - R(3 t ) 

U3 = d + g + i 

= d + cU^ + bU2 

A computer program was set up by COMSAT Corporation and runs were 
made for several spacecraft. The results of those runs showed that the 
parts factors did not change by much at all, even up to very large numbers 
of successive servicings. Figure IX-11 presents some results of the succes- 
sive servicings study. M is the average multiplier that was used to 
multiply the random failure parts factor for each spacecraft to take into 
account the successive servicings. The main re??.son M remains so close to 
1 was the large number of modules with ^ = 1 or For /3 - 1, a constant 

failure rate exists and M will equal one. The wearout parts factors are 
unaffected by successive servicings. 

After parts factors were determined for the 26 spacecraft in the mainte- 
nance applicable set which were in the Aerospace data, the parts factors were 
spread to include all the remaining spacecraft in the maintenance applicable 
set. This was accomplished by plotting the parts factors calculated against 
the parameter for each spacecraft as shown in Figure IX-12, and then 

extrapolating to the remaining spacecraft. 
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COST OF REPLACED MODULES _ WEIGHT OF REPLACED MODULE 
PARTS FACTOR - SPACECRAFT UNIT COST SPACECRAFT TOTAL WEIGHT 


" P^RANDOM) ^ P^(WEAROUT) 


^ON-ORBIT MAIISTTAINABLE 


= P^(RANDOM) = P^(WEAROUT) " P^(GR) = P^ " Pf(GR)==^ GROUND REFURBISHABLE 
" (l-R.)w. 

• P^(RANDOM) " 2 W^Q^ 

% 

w 

- V M _L 

• P^WEAROUT) “ ^ DL; W„T 

j = l ' 

• PVgR) " P^PPENDAGES) P^CLEAN, PAI NT, DECONT. , TEST 
WHERE 

R. = RELIABILITY OF MODULE! AT AOT 
W. = WEIGHT OF MODULE! 

W^Q^ = TOTAL SPACECRAFT WEIGHT 

= NUMBER OF MODULES WHICH CAN HAVE WEAROUT FAILURES 
DLj = DESIGN LIFE OF MODULE ! (OR OF SPACECRAFT, WHICHEVER IS LEAST) 
AOT = AVERAGE OPERATING TIME IN YEARS 


Figure IX- 9 Parts Factors Equations 




Figure IX-12 Extension of Parts Factor 

For the preliminary cost analysis, the relationship 

PAUTc; TTArTm? = Cost of Replaced Modules Weight of Replaced Module 
JJAij Spacecraft Unit Cost Spacecraft Total Weight 

was used almost exactly to calculate part factors. However, for the base- 
line, final cost analysis, this relationship was modified to take into 
account the fact' that the dollars per pound of spacecraft components vary. 
In particular, it was noted that the average dollars per pound for a space- 
craft varied from $3000 to $7000 per pound, while the cost of monomethyl 
hydrazine, the primary propellant carried in all of the spacecraft con- 
sidered, cost around $5 per pound, a cost difference of 3 orders of magni- 
tude. Thus, the part factors were modified to eliminate all propellant 
costs. 


Parts factors were also modified to rectify inconsistencies in certain 
spacecraft carrying modules with design lives shorter than the spacecraft 
design life. It was also noted that the reliability analyses used to 
calculate part factors included many modules with no built-in-redundancy 
and that actual flight modules would not be built in that manner. How- 
ever, we decided to use these values since it would be too hard to attempt 
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to redesign the modules or reestlmate the module reliability, end the 
values as used would tend to give higher parts factors. The effect was a 
too-hlgh worst-case, estimate of maintenance costs. 

A delta between on-orblt maintainable parts factors and gtound-refurblsh 
able parts factors was used to take Into account additional considerations: 
external appendages that must be folded or removed so the satellite could 
fit back Into the orblter bay, additional painting, cleaning, and decon- 

tamlnating, and a final acceptance test. This delta was broken down as 
follows: 

1) A For appendages varied from 0.02 to 0.23 with average =0.06 

2) A For clean, paint, decontaminate =0.01 

3) AFor final qualification test = 0.04 

As the baseline for the ground refurbishable handling of appendages, 
a parts factor was calculated assuming the removal of appendages in orbit 
and the replacement of the appendages on the ground. The handling of the 
appendage problem could have been accomplished, instead, by an increase in 
spacecraft DDT&E and production costs to design and install retractable 
appendages, but the approach selected was felt to be a less complicated 
and more accurate method of handling the appendage problem. The total A 

for ground refurbishment varied from 0.07 to 0.28 with an average value 
of 0.11 

Table IX-19 presents a summary of parts factors used for both the 
preliminary cost analysis and the final cost analysis. Additional vari- 
ations in parts factors, and their effects on the total cost picture, are 
discussed in the section on variations of costing parameters. 

E. LOSS FACTORS 

Loss factors are used to represent additional spacecraft that must be 
built, launched, or serviced due to potential losses such as shuttle sys- 
tem failures, nonreplaceable unit (NRU) failures, servicer failures, and 
others. Four primary loss factors have been evaluated: (1) LF = loss factor 

due to orbiter or tug failure to perform the mission; the same value was 
used for all three modes; (2) LF^^ = loss factor for retrieval in ground 
refurbishable missions due to failure to rendezvous and dock, or to handle 
appendages on spacecraft to be returned; (3) LF 2 = loss factor for number of 
spacecraft to be launched for ground refurbishable mode; and (4) LF^ - Loss 
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Tabu 3 IX-19 Farts Factor Siomary 


Payload 

Payload 

Model 


PRELIMINARY 

FINAL 

No. 

Code No. 

LEO Spacecraft Name 

PF 

pf 

PF 

pf 

AS-03-A 

AST-lB 

rosmic Backaround Explorer 

.42 

.3U 

. J/ 


SG-03-A 

AST-J 

Solar Maximum Mission 

.32 

.22 

.27 

.17 

HE-09-A 

AST-4 

Larae Hiah Enerav Obsotvatorv B 

.17 

.10 

.16 

.09 

HE-03-A 

AST-5A 

Extended X-Rav Survey 

.17 

.10 

.16 

.09 

HF-DR-A 

AST -SR 

larae Hiah Energy Observatory A . — 

• 17 

•iO 

.16 

.09 

HR-1 n-A 

AST-5C 

I.arce Hiah Enerav Observatory C 

■1.Z— 

.10 

.16 

.09 

HE-05-A 

AST-5D 

Hiah Latitude Cosmic Rav Survey 

.17 

.10 

.16 

.09 

AS-Ol-A 

AST -6 

Larae Space Telescope 

.17 

.10 

.16 

.09 

S0-02-A 

AST-7 

Larae Solar Observatory 

.17 

.io' 

,16 

.09 

HE-U-A 

AST-9A 

Larae Hiah Enerav Observatory D 

.14 

. 11 ' 

.Tff 

.o5 

HE-Ol-A 

j\ST-9B 

Larae X-Ray Telescope Facility 

.15 

.08 

.13 

.06 

AS-07-A 

AST-Nl 

3m Ambient Temperature IR Telescope 

.17 

.10 

.16 

.69 

AS-ll-A 

AST-N2 

1.5m IR Telescope 


. 10 , 

.16 

, ,..0,9 

AS-13-A 

AST-N3 

UV Survey Telescope 

.17 

.10 

.16 

.09 

AS -14 -A 

AST-N4 

Im UV - Optical Telescope 

.17 

.10 

.16 

.09 

AS-17-A 

AST-N5 

30m IR Interferometer 

.17 

.10 

,16 

.09 

HE-07-A 

PHY-IA 

Small Hiah Enerav Satellite 

•4L- 

.10 

■ .21 

.09 

AP-04-A 

PHY-2A 

Gravitational and Relativity Satellite - LEO 

.27 

.15 

.20 

.12 

HE-12-A 

PHY-5 

Cosmic Ray Laboratory 

.17 

.10 

.16 

.09 

LS- 62 -A 

LS-1 

Biomedical Experiment Scientific Satellite 

T24 

.11 

.23 

.10 

E0-08-A 

EO-3 

Earth Observatory Satellite 

.28 

.17 

.27 

.16 

EO-IO-A 

EO-5 

ApoLications Explorer (Special Purpose Satellite) 

.44 

•31 

.42 

.29 

OP-02-A 

EOP-5 

Gravity Gradiometer 

■ 23 

.10 

.22 

.69 

OP-04-A 

EOF -7 

GRAVSAT 

.50 

.38 

.36 

.2h 

OP-05-A 

EOP-8 

Vector Maanetometer Satellite 

.43 

.30 

.41 

.28 

0P-51-A 

NN/D-14 

Global Earth and Ocean Monitorina System 

.25 

.15 

.20 

.1(5 



1 AVERAGE, LEO 

.24 

.15 

.21 

.12 



MEO/HEO Spacecraft Name 



. 


AS-05-A 

AST-IC 

Advanced Radio Astronomy Explorer 

.37 

.24 

^35 

.22 

AS-16-A 

AST-8 

T.arae Radio Observatory Array ^20 

.37 : 

.24 

.32 

.19 

AP-Ol-A 

PHY -IB 

Upper Atmosphere Explorer 

.23 

.12 

.20 

,09i 

AP-02-A 

PHY- 1C 

Explorer -Medium Altitude 

.24 

.09 

.23 

.08 

AP-05-A 

PHY-3A 

Environmental Perturbation Satellite-A 

.38 

.25 

.34 

.21 

AP-07-A 

PHY-3B 

Environmental Perturbation Satellite-B 

.28 

;i5 

.28 

,15 

E0-09-A 

EO-4 

Synchronous Earth Observatory Satellite 

.27 

.19 

.23 

.15 

EO-12-A 

EO-6 

TIROS 

.29 

.-21 

.26 

.la 

CN-51-a' 

NN/D-1 

INTELSAT 

.49 

;31 

.46 


CN-53-A 

::n/d-2b 

DOMSAT B 

.49 

.31 

.46 

.28 

CN-58-A 

NN/D-2C 

DOMSAT C 

.52 

,38 

.45 

m 

CN-54-A 

MN/D-3 

Disaster Warnina Satellite 

.56 

,28 

.52 

. 2.4 

CN-55-A 

12^70-4 

Traffic Manaaement Satellite 

.48 

.33 

.44 

.29 

CN-56-A 

NN/D-5A 

Foreicn Communication Satellite-A 

.48 

.34 

.38 

.24 


/n-A 

Ti^immnnic.Tt- ions R^D Prototype 

.72 

.46 

.51 

.25 

EO-56-A 

:;n/d-8 

Envimr.iiiental Monitoring Satellite 

.28 

,19 

.25 

.16 

E 0 - 57 -A 

rci/D-s 

Korei^n Synchronous Meteoro Logical Satellite 

.63 

.50 

.50 

.37 

E0-58-A 

.‘CN/D-lC 

ileus vnchronous Opera tiona L Meteorological Satellite 

.64 

.51 

.51 

.38 

EO-61-A 

N2.7D-11 

Earth Resources Survey Operational Satellite 

.25 

.14 

.24 

.13 

EO-59-A 

KN/D-12 

Geosynchronous Earth Resources Satellite 

.32 

.22 

.25 

.15 

EO-62-A 

NM/D-13 

I'oreien Synchronous Earth Observation Satellite 

.30 

.21 

.23 

.14 



j AVERAGE. MEO & HEO 

.41 

.27 

.35 

.21 



1 AVERAGE 

.31 

.20 

I 728 

.16 
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factor for on-orbit maintainable mode for failure to rendezvous and dock 
'with a spacecraft, failure in the servicer, or failure in the NRU, Figure 
X-13 presents a list of the equations used to calculate loss factors. 


EXPENDABLE; 

LF = X n FOR LEO “Z^ZIZ 

LF =lifQp,g+ X n FOR MEO AND HEO 

GROUND REFURBISHABLE; 

LF =LF^j^p 

LFj - LFg^p FOR (n - n^) 

^^REND.DOCK, ACS, APPEND ' '^f’ 
LF 2 =MAX{LFp LF ) 

QN-ORBITMAINTAINABLE: 

LF =LFg^p 

’-''3 " '■''1 GR SERV 


:> ^^TUG=°-01 


^ ^^REND, DOCK, ACS, APPEND 


^ "^^SERV " 


============:> on 

0.02 > DEPENDING ON SPACECRAFT 
0.03 ) 

Figure IX-13 Loss Factors Equations 

Basically, the same loss factors were used for the preliminary and the 
final cost summary. However, there were several changes which did affect 
the loss factors. An error' was found in the calculation of LFj^, due to 
leaving out the orbiter and tug loss factors during a retrieval mission. 
The number of flights over which the loss factors were applied were 
changed in some cases due to the changes in n and n£, changing the total 
loss factors. In addition, the method in which loss factors were applied 
for the servicing missions were modified somewhat to allow for inability 
to rendezvous and dock for the servicing mission. Table IX-20 presents a 
summary of the loss factors used for the preliminary and final cost sum- 
maries, The main differences lie in the ground refurbishable loss factors 
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F. replacement factor 

The parameter RF is f-ho 

for extra spacecraft to replace account 

being repaired on the ground, if ^ spacecraft while it is 

of spacecraft availability while the P^^Sram can afford the loss 

then the RF value can be zero if ^ spacecraft is being repaired, 

spacecraft availability i= r.n • ^ loss of 

. 4 " “ " “ - “•■■■ - - 

RF = r ^IF-T ■ .. 

~ ^ AOT ^"^f 1 J 

Wliere [ ] = greatest integer 

AOT = average operational time 

MT = refcrbtshment and replacement time 
nf = on-orbit fleet size 

retrieved by the orliter anTtugtntrTitT T 

sronnd. relerbiahed, achednled ter Unncb a^ reXTb^Lrc^ir 
A refurbishment time of 7 nn tt r • 

«ork (see bibliography items N-12°toTl9r’''d""' « the DSCSII 

for this use. ) and can be considered satisfactori 

If a replacement time of four weeks for scheduling a 
operations is assumed, a total RRt of 0 43 yea. " 

21 presents RF values for each of th ^ calculated. Table IX- 

plicable set. ^ spacecraft in the maintenance ap- 

G. SPACECRAFT NONRECURRING AND RECURRING COSTS 

Spacecraft non-recurring (DDT&E) costs - c - and 
(production or unit) costs r NR spacecraft recurring 

expendable spacecraft programs'^' the 

teaming ekpendable Progr'amny 

data was available, the data w ^ Ptograms for which cost 

- to one Of the ground r:ies -• 

tae. Factors to modify these cost 

sround refurbishable and the k ““ ^^tablished for both the 

the on-orbit maintainable modes, ibis was 
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Table IX-21 


Replacement Factors 


Payloac 
No . 

Payload 
Model 
Code No 

LEO Spacecraft Name 

RF 

AS -03-;! 

AST-lB 

__Cosrnic BackgrminH Explorer 

0 

so-03-;! 

AST-3 

Solar Maximum Mission 

1 

HE-09-; 

HE-03-A 

AST -4 
AST-5A 

Large HIrH Energy Observatory B 

0 

JLExO.8::^ 

-HE-lO-i 

HE-05-A 

AST-5C 

AST-5D 


1 

1 

- Lar£.e_iiigiijj;a£CfiiL^ c 

1 

- -Latitude Cosmic Rav Survpv 

0 

AS -01 -A 

AST-6 

Large Space Telescope 

1 

S0-02-A 

HE-ll-A 

AST-7 

AST-9A 

Large Solar Observatory 

1 

HE-Ol-A 

AST-9B 

Large Hrgn Energy Observatory D 

1 

1 

AS-07-A 

AS-ll-A 

AST-Nl 

AST-N2 


3m Ambient Temperature IR Telescope 
1.5m IR Telescope 

1 

1 

AS -13 -A 
AS -14 -A 

AST-N3 

XsT-N4 

UV Survey Telescope ' 

Im UV - Optical Telescope 

1 

1 

AS - 1 7 - A 

AST-N5 

30m IR Interferometer 

1 

HE-07-A 

AP-04-A 

PHY-IA 

PHY-2A 

Small High Energy Satellite 

r~ 

HE- 12 -A 
LS-02-A 

PHY -5 
LS-1 

V.. 1 .UV j.LdLiuucii diiu Keiatxvity yateiiite - LEO 
Cosmic Ray Laboratory 

0 

1 

E0-08-A 

EO-3 

Earth Observatory Satellite ' 

1 

1 

EO-IO-A 

EO-5 


0P-02-A 

0P-04-A 

EOF -5 
EOP-7 

vopectai Purpose Satellite') 

1 

Gravity Gradiometer 

fiRAV<? AT — — — 

0 

0P-05-A 

EOP-8 

Vector Magnetometer Satellite 

0 

0 

OP -51 -A 

NN/D-14 

r"—' ■' 

lilopai Earth and Ocean Monitoring Svstpm 

1 



MEO/HEO Spacecraft Name 


AS -05 -A 
AS - 16-A 

AST-lC 
AST-S ‘ 

Advanced Radio Astronomy Explorer 

1 

AP-Ol-A 

PHY-lB 

Upper Atmosphere Explorer 

1 

0 

AP-02-A 

PHY- 1C 

Explorer -Medium Altitude 

■ TT 

AP-05-A 

PHY-3A 

Environmental Perturbation Satellite-A 

0 

AP-07-A 

PHY-3B 

Environmental Perturbation Satellite-R 

1 

EO-09-A 

EO-12-A 

EO-4 

SD-6 

Synchronous Earth Observatory SatellLtp 

TIROS — 

1 

CN-51-A 

NN/D-1 

INTELSAT — 

1 

CN-53-A 

NN/D-2B 

DOMSAT B — ■ 

1 

CN-58-A 

NN/D-2C 

DOMSAT C — 


CM -54 -A 

NN/D-3 

Disaster Warning Satell-fte 


CN-55-A 

1N/D-4 

Traffic Management Satellite 


CN-56 -A 

W/D-5A 

Foreign Communication Satellite-A 


■CN-59-A 

^N/D-6 

.LfiimillL£.ations RAO Prototvne 

1 

EO-56-A 

W/D-S 

Environmental Monitoring Satellite 

1 

E0-57-A 1 

!lN/D-9 

Foreign Synchronous Meteornl ocm' S atellite 

1 

1 

EO-58-A 

ra/D-10 

geosynchronous Operational Meteorological Satpllit-o 

EO-61-A 1 

lN/D-11 

Ea.Tth Resources Survey Operational Satellite 

1 

EO-59-A i 

ra/D-12 

geosynchronous Earth Resources Satellite 

]_ 

su-b;:-A(NN/D-13 1 

Eff.F^Lgn Synchronous Earth Observation Satellite 

1 


accomplished by teMng the average value of data from several previous 
.studies (bibliography items P-5 thru F-7. K-2 thru li-8. and N-1 thru - 
where these types of cost modifications were evaluated in detail. 


The factors used to modify spacecraft unit costs for ground refurblsh- 
able (SF) and on-orbit maintainable (sf) were established for the preliminary 
and reexamined for the final cost analysis. The preliminary values of a 
2% Increase in spacecraft unit cost for ground refurblshable and a 16% 
increase for on-orblt maintainable were the averages for spacecraft in 
PUT DSCS II and DSP studies. A review and further analysis of the data 
for’ the on-orblt maintainable spacecraft lowered this factor due to excess 
mission sensor redesign for one spacecraft and the removal of module/spares 
cost from certain spacecraft unit costs. The revised factor for on-orbit 
maintainable (sf) was changed from 16% to 8% and the ground refurblshable 
(SF) remained at 2%. It is believed that the current values are the most 
representative of Che actual costs to be expected. Variations of these 
values were examined in Che cost sensitivity study. 

The factors used to modify spacecraft design, development and test 
(DDTdE) costs were also established for the preliminary analysis and then 
reexamined. The findings affecting unit costs also applied to the DDT6E 
costs. The ground refurblshable factor (D) was 2% in the preliminary 
analyses and remained at 2% in the final analysis. The on-orblt maintain- 
able factor was 11% in the preliminary analyses and was revised to 4% in 


the final analysis. 

in addition to the unit cost of the spacecraft, the recurring cost 
also Includes the spacecraft operations. Spacecraft operations costs 
includes launch checkout effort for all production spacecraft and a cadre 
of knowledgeable personnel maintained throughout the entire mission span 
time for each spacecraft program. No cost was included for flight opera- 
tions associated With each spacecraft as these were considered equal for 
all three modes. 

Launch checkout (E) cost covers a recurring effort, performed at ETR/ 
WTR, on each spacecraft and is estimated at 9 percent of the spacecraft 
unit cost. This percentage is the average of the actual experience from 
three completed spacecraft programs. Services and activities Included 

are:: 
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1) Vehicle receiving and inspection, 

2) Prelaunch checkout, 

3) Orbiter/tug mating and checkout, and 

4) Prelaunch and launch countdown. 


Each spacecraft program requires a cadre of knowledgeable personnel 
maintained from the end of production until the last launch that can be 
built up to the crew size necessary to perform launch operations. The 
cost of this sustaining effort is given by: 


"KP 


C N AT 
MY P 


where 


is the cost per man year 
Np is the number of personnel retained 
A T is the number of years Np is required 


and Np varies depending on spacecraft complexity, with the minimum being 
22 people and the maximum 90. The number of years (AT) is the time span 
from first launch to last launch as shown in the mission model less the 
number of years it takes to produce all required spacecraft at a rate of two 
per year. The number of required spacecraft a,re equal to the number of 
operating cycles (n) for the expendable mode, the on-orbit fleet size (n^) 
plus the replacement factor (RF) for the ground refurbishable mode, and the 
on-orbit fleet size (n^) for the on-orbit maintainable mode. 


n£ + RF - n(first year) 
2 “ 


At 

= Time 

of 

Last 

Launch - Time 

of 

First 

Launch - 


= Time 

of 

Last 

Launch - Time 

of 

First 

Launch - 

^^OM 

= Time 

of 

Last 

Launch - Time 

of 

First 

Launch - 


nf - n( first year) 


H . MAINTENANCE CONCEPT COSTS 

Total program cost estimates of the maintenance system concepts required 
to perform the on-orbit maintainable mode for the automated spacecraft were 
developed. 


costs Of .alotanaoce concepts were developed for font separ e .atnte 
nance concepts, a pivoting ar., a general purpose manipulator, the shuttl 
rite manipulator system (SHI.) and extravehicular activity (EVA rom 
rhe orblter. The first two concepts could be used both rn the 
payload bay and on the tug, and can service all 47 programs rn the marnte 
nance applicable set. The last two can only operate from the orbrter 
can service spacecraft only In LEO. In the preliminary analysxs^on y 
■ arm was costed. For the final analysis, the pxvoting arm 

veevaluated and the other three methods costed. The total program cos 
included design, development, test and evaluation, productron cost 
for the flight and backup articles, and operations cost for eac cone 
Table DC-22 presents a sununary of costing considerations for each concep . 

1. Maintenance Conc epts - DDT&E 

Design, development, test and evaluation (DDT«) cost for each concept 
was estimated using parametric techniques. Parametric 

eost estimating relationships ^;r: ement’. 

a dollars per pound relationship to derive costs for _ 

Development cost, by WBS element, for each concept is presen 

IX-23. 

Table IX-23 On-OrbU Servicer DDTSE Costs 


WBS ELEMENT 


BASIS 


PROJECT management 
PROJECT ENGR. & INTEGRATION 
STRUCTURES & THERMAL 
MECHANISMS 
CONTROL ELECTRONICS 
ASSEMBLY & CHECKOUT 
SRMS UPDATE 
AIRBORNE SPARES 
AIRBORNE SUPPORT EQUIPMENT 
LOGISTICS 

GROUND SUPPORT EQUIPMENT 
FACILITIES 

OPERATIONAL SITE SERVICES 


6% OF SUBTOTAL 
11% OF SUBTOTAL 
SAMSO DATA 


5% OF HARDWARE COST 


tug data 

analogous to TUG 
ANALOGOUS TO TUG 
ANALOGOUS TO TUG 


total 


COST ($ IN A 

PIVOTING 

ARM 

A ILL IONS) 

GENERAL 

PURPOSE 

" 

iRMS 

EVA 

$ 1.6 

U.8 

1.3 

$ 1.0 

2.7 

3.0 

2.1 

1.7 

5.5 

5.7 

5.3 

5-3 

1.6 

2.8 

0.5 

1.6 

4. 7 

4.7 

NfA 

NIA 

0.6 

0.7 

0.3 

0.3 

m 

N/A 

5.4 

NIA 

HIA 

NIA 

NIA 

NIA 

0.8 

,0.8 

0.8 

0.8 

) 5. 6 

6.7 

2.8 

3.8 

3.7 

3.7 

' 1.8 

1.8 

0.6 

0.6 

0.2 

0.2 

- 1.5 

1.5 

1.5 

L5 

$28, 9 

1$32.0 

$22.0 

$18.0 


PDRM 


Dtvin&r) nFPLOYMENT & RETRIEVAL MECHANISM^ 


MiiifliiHK 


mim 


Table IX-22 Cost'lng Considerations 


WBS ELEMENT 

BASELINE-PIVOTING ARM 

GENERAL PURPOSE MANIPULATOR 

SRMS 

EVA 

PROJECT MANAGEMENT 

6% OF SUBTOTAL 

X 

X 

X 

PROJECT ENGR& INTEGRATION 

IW OF SUBTOTAL 

X 

X 

X 

STRUCTURES & THERMAL 

400 lb STORAGE RACK 

X 

X 

X 


50 lb RACK/TUG ADAPTER 

80 lb RACK/TUG ADAPTER 

N/R 

N/R 

MECHANISM 

100 lb manipulator arm 

250 lb MANIPULATOR ARM 

20 Ib-END 
EFFECTOR 

100 Ib-TOOLS, RE- 
STRAINTS, HAND- 
HOLDS, ETC 

CONTROL ELECTRONICS 

30 lb 4-7.5 lb UNITS 

45 lb 6-7.5 lb UNITS 

N/R 

N/R 

ASSEMBLY & CHECKOUT 

DDT8E 5% OF HARDWARE 

X 

X 

X 


PRODUCTION 10% of HARDWARE 

X 

X 

X 

AIRBORNE SPARES 

5 FLIGHT ARTICLES 

X 

3.5 FLIGHT 
ARTICLES 

3.5 FLIGHT ARTICLES 


SU8SYSTEMS-PARTIAL 

X 

0 

0 

AIRBORNE SUPPORT EQUIP- 
MENT 

200 lb CRADLE-RACK 

X 

X 

X 


250 lb SERVICING PLATFORM" 

X 

X 

X 

LOGISTICS 

LOGISTICS MANAGEMENT 

X 

X 

X 


INVENTORY CONTROL 

X 

X 

X 


OS.M MANUALS 

X 

0 

0 


TRAINERS IIETR, 1 WTR) 

X 

0 

0 


TRAINING 

X 

X 

® 

GROUND SUPPORT EQUIPMENT 

MECHANICAL-49 UNITS 

X 

X 

X 


ELECTRICAL-15 UNITS 

X 

ELECTRICAL-3 

UNITS 

ELECTRICAL-3 UNITS 

FACILITIES 

REARRANGEMENT 

X 

0 

0 

OPERATIONAL SITE SERVICES 

LAUNCH OPERATIONS 

X 

0 

0 


FLIGHT OPERATIONS 

X 

X 

® 


MAINTENANCE 

X 

0 

0 


LEGEND! 

X REQU I REMENTS I DEMTICAL TO BASEL! NE 

0 REQUIREMENTS REDUCED FROM BASELINE 

® REQUIREMENTS INCREASED FROM BASELINE 

’ EOUIPMENT WAS LATER DELETED FROM THE PIVOTING ARM. 
HOWEVER, COSTS WERE NOT CHANGED. 
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Project management is estimated at six percent of all other WBS elements, 
cost and project engineering and integration at 11 percent of all WBS ele- 
'ments excluding project management. These percentages have been developed 
from previous contract history. 

Structures and thermal WBS elements consist of a stowage rack for all 
four maintenance concepts and a rack/tug adapter for the pivoting arm and 
general purpose manipulator concepts. The SAMSO cost model for structure 
was used to cost this element. 

Mechanisms WBS element consists’ of a manipulator arm for the pivoting arm 
and general purpose manipulator concepts, a special end effector for the SEMS 
concept and various tools, restraints, hand holds, etc, for the EVA concept. 

1-IMC cost data for a previous study on payload deplo^niient and retrieval mech- 
anism (now called the shuttle remote manipulator system) was adjusted to cri- 
teria in the areas of technical requirements, number of development units, 
length of development program, fiscal year, etc. This adjusted development 
cost was the data point to derive a straight line log-log plot of development 
cost versus mechanisms weight that encompasses all four maintenance concepts. 

Control electronics WBS element consists of servo-electronics subassemblies 
(one at each joint) and the required software for the pivoting arm and general 
purpose manipulator concepts. The electronic subassemblies are similar to those 
in the payload deployment and retrieval mechanism (PDRM) . This PDRM cost data 
was adjusted as discussed under mechanisms to derive I)DT&E costs. Software 
development was estimated based on similarity to other programs of comparable 

scope, 

SRMS update WBS element consists of the additional development cost to 
the current shuttle remote manipulator system program to acquire the precision 
and fidelity (add seventh degree of freedom, increased precision of joints, 
added mechanical and electrical components, etc) required to perform module 

exchange . 

Assembly and checkout WBS element consists of the design and fabrication 
of assembly tools and the development of acceptance test procedures. This 
element is estimated at five percent of all subsystems hardware cost. 

Airborne support equipment WBS element consists of two items; a cradle 
to mount the module stowage rack in the arbiter and a spacecraft servicing 




platform with rotation capability that would support the spacecraft during 
module exchange. Airborne support equipment development was estimated using 
the mechanisms data with reductions for complexity. Differences with air- 
borne support equipment among the various concepts is discussed in more de- 
tail in chapter IV. The difference in the items has led to difference in 
the launch cost reimbursement policy effects on the various concepts. 

Logistics WBS element consists of logistics management, inventory control 
operations and maintenance manuals, trainers, and training. All these func- 
tions, except trainers, were estimated from Space Tug Systems Study-Storable 
data as a reference point and adjusted based on relative complexity. Two 
trainers, one each at ETR and WTR, provided for all four maintenance concepts 
with the EVA concept requiring a third unit for neutral buoyancy training. 
Trainers are estimated as the equivalent of a flight unit and then adjusted 
for fidelity requirements. 

Ground support equipment WBS element consists of the development of GSE 
and the production of GSE required for ETR and WTR. A list of GSE and quan- 
tities of each item for the 
pivoting arm concept is shown 
in Table IX-24. GSE develop- 
ment was estimated based on 
similarity to space tug GSE 
items. 


Facilities WBS element consists of rearrangement costs to existing 
facilities (contractor and government) and assumes no new facilities. This 
cost is for rearrangement of 3000 sq ft at ETR and WTR plus modification and 


Table IX-24 Ground Support Equipment 


ITEM 

QUAl\mTY 

ACCESS EQUIPMENT 

3 

PORTABLE HOIST/CRANE 

3 

SLING SETS-SERVICER 

4 

SLING SETS -ADAPTER 

4 

SLING SETS-CRADLE 

4 

ADAPTER I NSTALLATION TOOL K IT 

3 

PORTABLE TRANSPORTER 

4 

CRADLE AND RESTRAINTS 

4 

ELECTRICAL TEST SET 

3 

ORDNANCE TEST SET 

3 

LATCH MECHANISM TEST SET 

3 

TUG/SERVICER INTERFACE SIMULATOR 

3 

COMMUNICATIONS TEST SET 

3 

PROTECTIVE COVERS 

5 

ALIGNMENT SET 

3 

STORAGE SUPPORT FIXTURE 

10 
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re«r.ngament of oontractor manufacturing and test facilities. The estimates 
were derived from historical experience on programs of a similar nature. 

Operational site services WBS element consists of mission planning and 
flight support software development. These items were costed based on rela- 
tive complexity and number of operations as compared with space tug effort. 

2. Maintenance Concept s - Production 

unit and production costs for the four maintenance concepts are pre- 
sented in Table IX-25 . 

Fable IX-25 On-Orbit Servicer Unit and Produotvon Costs 


WR's FIFMFNT 

COST ($ 1 N M) — 

PIVOTING ARM 1 

GENERAL PURPOSE J 

SRMS I 

EVA 


UNIT 

PRODUCTION 

UNIT 

PRODUCTION 

UNIT 

PRODUCTION 

UNIT 

PRODUCTION 

PROJECT MANAGEMEMT 

0.10 

0.97 

0.13 

1.26 

0.07 

0.59 

0.08 

0.63 

PROJECT ENGR. & INTEGRATION 

0.17 

1.60 

0.21 

2.08 

0.12 

0.98 

0.14 

1,05 

STRUCTURES & THERMAL 

0.98 

2.94 

1.04 

3.12 

0.90 

2.70 

0.90 

2.70 

MECHANISMS 

0.24 

0.72 

0.45 

1.35 

0.08 

0.24 

0,24 

0,72 

CONTROL ELECTRONICS 

0.17 

0.51 

0.25 

0.75 

N/A 

N/A 

N/A 

N/A 

ASSEMBLY & CHECKOUT 

0.14 

0.42 

0.17 

0.51 

0,10 

0,30 

0.11 

0.33 

SRMS UPDATE 

N/A 

N/A 

N/A 

N/A 

N/A 

9.40 

N/A 

N/A 

AIRBORNE SPARES 


8.45 


11.72 


4,23 


4.30 

AIRBORNE SUPPORT EQUIPMENT 


1.46 


1.46 


1.46 


1.46 

LOGISTICS 


N/A 


N/A 


N/A 


N/A 

GROUND SUPPORT EQUIPMENT 


N/A 


N/A 


N/A 


N/A 

FACILITIES 


N/A 


N/A 


N/A 


N/A 

OPERATIONAL SITE SERVICES 


N/A 


N/A 


N/A 


N/A 

TOTAL 

1.80 

17.07 

2.25 

22.25 

1.27 

10,50 

1.47 

11.19 




>-• at- ciiv nercent of all other WBS elements, 

project management is estimated at six p 

cost and project engineering and Integration at 11 percent of all WBS elements 
excluding project management. These percentages have been developed from 
previous contract history . 

unit subsystem WES elements (structures, mechanisms, and control electron- 
ics) costs mere estimated using the same data sources and techniques as pre- 
viously described for these elements under DDTBE. The production costs for al 
concepts are all based on three units with no application of an improvement curve 

SUMS update WBS element consists of the delta cost to the existing flight 
units, caused by the added requirements previously described under DDTSE and 
the addition of one flight unit because of the Increased number of operations 

due to performing module exchange^ 
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Assembly and checltout WBS element consists of assembly. Installation, 
checkout end acceptance testing. This effort Is estimated at ten percent of 
the subsystem hardware cost. 

Airborne spares WBS element consists of complete flight artxcle spares 
and subsystem component spares. For the pivoting arm and general purpose 
manipulator concepts, airborne spares are five units consisting of one spare 
unit and four units calculated as reliability losses. For SRMS and EVA, 
which are only used for low earth orbit missions, the airborne spares are 
3.5 units consisting of 1 spare unit and 2.5 units calculated as reliability 
losses. Subsystem component spares for all concepts are calculated at 20 
percent of mechanisms flight hardware costs and 30 percent of control elec- 
tronics flight hardware costs. 

Airborne support equipment WBS element costs were estimated using the 
same data sources and techniques as previously described for this element 
under DHT&E. The production cost is based on 5.6 units with no application 

of improvement curve. 

3. Maintenance Goncepts-Operations 

Operations category summarizes the cost of launch operations, flight opera- 
tions, maintenance (scheduled and unscheduled), refurbishment, management and 
supporting functions. Table IX-26 presents operations costs, by WBS element. 

Table IX-26 On-Orbit Servicer Operations Costs 




COST ($ IN MILLIONS) 



WBS ELEMENT 

BASIS 

PIVOTING 

ARM 

GENERAL 

PURPOSE 

SRMS 

EVA 

PROJECT MANAGEMENT 

6% OF SUBTOTAL 

i 3,2 

$ 3.6 

$2.3 

$ 2.4 

PROJECT ENGR, & INTEGRATION 

11% OF SUBTOTAL 

5.3 

6.0 

3.7 

3,9 

STRUCTURES & THERMAL 

SAMSO DATA 

N/A 

N/A 

N/A 

N/A 

MECHANISMS 

ANALOGOUS TO PDRM DATA 

N/A 

N/A 

N/A 

N/A 

CONTROL ELECTRONICS 

ANALOGOUS TO PDRM DATA 

N/A 

N/A 

N/A 

N/A 

ASSEMBLY & CHECKOUT 

% OF HARDWARE COST 

N/A 

N/A 

N/A 

N/A 

SRMS UPDATE 

- 

N/A 

N/A 

N/A 

N/A 

AIRBORNE SPARES 


N/A 

N/A 

N/A 

N/A 

AIRBORNE SUPPORT EQUIPMENT 

-- 

N/A 

N/A 

N/A 

N/A 

LOGISTICS 

ANALOGOUS TO PDRM AND 
TUG DATA 

4.9 

4,9 

4.9 

6.9 

GROUND SUPPORT EQUIPMENT 

ANALOGOUS TO TUG 

0.5 

0.5 

0,2 

0.2 

FACILITIES 

ANALOGOUS TO TUG 

N/A 

N/A 

N/A 

N/A 

OPERATIONAL SITE SERVICES 

ANALOGOUS TO TUG 

42.6 

48.9 

28.9 

37.4 

TOTAL 


$56.5 

$63.9 

$40.0 

|$50.8 


PDRM = PAYLOAD DEPLOYMENT & RETRIEVAL MECHANISM 
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for the four maintenance concepts. These costs cover 12 years at ETR and 
nine years at WTR. 

I 

Project management is estimated at six percent of all other WBS elements, 
cost and project engineering and integration at 11 percent of all WBS ele- 
ments excluding project management. These percentages have been developed 
from previous contract history. 

Logistics WBS element consists of implementing the various logistics 
management functions and inventory control techniques developed during the 
DDT&E phase. Also included is effort to update operations and maintenance 
manuals to incorporate information gathered through the operations phase. 

The nature of training makes it a continuing task which extends through all 
of the operations phase. This is due to attrition of personnel as well as 
the variations in payloads as a result of the mission model. These tasks 
were estimated as to relative complexity with comparable items in the Space 
Tug Systems Study. The EVA concept cost includes effort to simulate each 
of the maintenance missions in a neutral buoyancy tank. This task is es- 
timated at two million dollars for the 12 years of operations. 

Operational site services WBS element consists of the repetitive tasks 
and functions of launch operations, flight operations nnd maintenance/ re- 
furbishment. Launch operations includes servicer receiving and inspection, 
prelaunch checkout, orbiter/tug mating and checkout and launch countdown. 

Flight operations includes mission planning, flight control, data reduction, 
analysis and documentation. Maintenance/refurbishment is restoring the re- 
usable servicer, after each mission, to a flight readiness condition for 
subsequent missions. Cost estimates for the functions just described are 
based on the manpower (engineering, technical and support) and material re- 
quired to sustain the mission model flight schedule. Space Tug Systems 
Study operations costs were examined in detail and inapplicable costs such 
as propellants and gases were deleted from the base data. Analyses of rela- 
tive complexity and number of operations of each servicer concept as compared 
to the tug established ratios to apply against the basic data. Cost estimates 
for operational site services showing per year costs by launch Site and 
totals for the 12 -year operational phase for each maintenance concept is 
given in Tables IX-27, IX-28, IX-29, and IX-30. EVA operational site services, 
Table IX-30, includes the crew EVA operations element at $60K per service 
mission (see chapter XI, item B-1) , 
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Table IX-27 Operational Site Services^ Pivoting Arm 


WBS ELEMENT 

($ INMILLIONS) 

ETR/Yr 

WTR/Yr 

TOTAL 

SITE SERVICES AND SUPPORT 

$0.30 

$0.30 

$ 6.30 

MISSION PLANNING 

0.50 

0.30 

8.70 

FLIGHT CONTROL 

0.50 

-- 

6. 00 

FLIGHT EVALUATION 

0. 10 

0. 10 

2. 10 

SCHEDULED MAINTENANCE 

0.20 

0. 10 

3.30 

UNSCHEDULED MAINTENANCE 

0,30 

0.10 

4.50 

POSTFLIGHT CHECKOUT 

0. 10 

0. 10 

2. 10 

TUG MATING AND CHECKOUT 

0.30 

0. 20 

5.40 

DEPOT MAINTENANCE 

0.20 

0. 20 

4.20 

TOTAL 

$2.50 

$1.40 

$42. 60 


Table IX-28 Operational Site Services ^ General Purpose Manipulator 


WBS ELEMENT 

($ IN MILLIONS) 

ETR/Yr 

WTR/Yr 

TOTAL 

SITE SERVICES AND SUPPORT 

$0.30 

$0.30 

$ 6.30 

MISSION PLANNING 

0.50 

0. 30 

8.70 

FLIGHT CONTROL 

0.50 

-- 

6. 00 

FLIGHT EVALUATION 

0.10 

0. 10 

2.10 

SCHEDULED MAINTENANCE 

0.20 

0.10 

3. 30 

UNSCHEDULED MAINTENANCE 

0.50 

0.20 

10.80 

POSTFLIGHT CHECKOUT 

0.10 

0.10 

2. 10 

TUG MATING AND CHECKOUT 

a 30 

0.20 

5. 40 

DEPOT MAINTENANCE 

0.20 

0.20 

4.20 

TOTAL 

$2. 70 

$1. 50 

$48.90 




Table IX-29 0-perational Site SePvioeSj SRMS 


WBS ELEMENT 

($ IN MILLIONS) 

ETR/Yr 

WTR/Yr 

TOTAL 

SITE SERVICES AND SUPPORT 

$0. 10 

$0.10 

$ 2. 10 

MISSION PLANNING 

0.50 

0.30 

8.70 

FLIGHT CONTROL 

0.50 

— 

6.00 

FLIGHT EVALUATION 

0.10 

0.10 

2. 10 

SCHEDULED MAINTENANCE 

0.20 

0.10 

3. 30 

UNSCHEDULED MAINTENANCE 

0.20 

0.10 

3. 30 

POSTFLIGHT CHECKOUT 

0.06 

0. 06 

1.40 

ORB ITER MATING AND CHECKOUT 

0.G3 

0. 03 

0.60 

DEPOT MAINTENANCE 

0.07 

0.07 

1.40 

TOTAL 

$1. 76 

$0.86 

$28.90 


Table IX-30 Operational Site ServiceSj EVA 


WBS ELEMENT 

($ IN MILLIONS) 

ETR/Yr 

WTR/Yr 

TOTAL 

SITE SERVICES AND SUPPORT 

$0.10 

$0.10 

$ 2. 10 

MISSION PLANNING 

0.70 

0. 40 

12. 00 

FLIGHT CONTROL 

0,50 

— 

6. 00 

FLIGHT EVALUATION 

0.10 

0.10 

2. 10 

SCHEDULED MAIN, ENANCE 

0. 10 

0.10 

2. 10 

UNSCHEDULED MAINTENANCE 

0.10 

0. 10 

2.10 

POSTFLIGHT CHECKOUT 

0. 03 

0.03 

0.70 

CREW EVA OPERATIONS 

0. 70 

0.20 

8.90 

DEPOT MAINTENANCE 

0. 07 

0. 07 

1.40 

TOTAL 

$2.40 

$1. 10 

$37.40 
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Results of the costing of all the maintenance concepts are summarized in 
Table IX- 31. 

Table IX- 31 Maintenance Concept Cost Summary 


MAI MTENANCE CONCEPT 

COST (DOLLARS INMILLIONS) 

TOTAL 

DDT&E 

PRODUCTION 

OPERATIONS 

PIVOTING ARM 

29 

17 

57 

103 

GENERAL PURPOSE MANIPULATOR 

32 

22 

64 

118 

SHUTTLE REMOTE MANIPULATOR SYSTEM 

22 

20 

40 

82 

EVA 

18 

11 

51 

80 


I. FINAL MAINTENANCE MODE COST SUMMARY 

Results of the final cost analysis can be presented in a myriad of for- 
mats. Figures IX-14, IX-15 and IX- 16 present total program costs for all 
47 programs in the maintenance applicable set if all programs are flown in 
the expendable, ground refurbishable, and on-orbit maintainable modes. 

Figure IX-14 presents a summary for LEO spacecraft only. Figure IX-15 presents 
the summary for MEO and HEO spacecraft only, and Figure IX-16 presents the 
summary for all of the spacecraft. In these summaries, the maintenance con- 
cept costs have been excluded. (This same type of data has been calculated 
for each of the 47 individual programs in the maintenance applicable set and 
is summarized in Table IX- 32.) It can be seen from these figures that a 
significant savings can be realized (w9 billion dollars) if all spacecraft 
are flown in an on-orbit maintainable mode. However, it was noted during 
the preliminary cost analysis that the most economical method of flying this 
mission model was to provide the capability to fly all three of these modes, 
and to fly each particular program in the mode that is the least expensive for 
it. One of the results of this study showed that if a particular program 
has only one mission, it will be cheaper to fly expendably. All 
other missions were less expensive to fly in an on-orbit maintainable mode. 

None of the programs were less expensive in a ground refurbishable mode; how- 
ever, this could change depending on the final form of the LCM* used by 
NASA. Table IX-33 presents a summary of LEO spacecraft expendable mode program 
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SPACECRAFT PROGRAM 





4.5 


4.6 

0(5 

3.4 


2.6 


0. 2 


0.2 


REFURB 

1.6 

1 

REPLACE 

0.9 

oo 

oJ 

LAUNCH C/0 

0.7 

B 

LAUNCH C/0 

0.1 


SUSTAIN 

0.5 


SUSTAIN 

0.6 

12.5 

9.4 

10.9 

9.0 


















































SPACECRAFT PROGRAM 



TOTAL 


ZERO LAUNCH COSTS (ZLC) 


(A = 5.7ZLC) 
(A = 4.6) 


(A = 8.2 ZLC) 
(A = 9.0) 


Figicre IX-16 Cost Summary^ Alt Spaaecraft 


































Tdbl& IX-32 Individual Spacecraft Program Cost Summary 


Payload 

No, 

Payload 
Modal 
Code No. 

LEO Spacecrafe Name 

TOTAL PROGRAM COST (C&M) 

EXP 

GR 

OOM 

AS-03-A 

AST-lB 

Cosmic Uackcrotind Explorer 

1A5.3 

133.6 

105.8 

S0-03-A 

AST-J 

Solar Maximum Mission 

A9L.6 

4'i3S'."5' 

324.0 

IIE-09-A 

AST-A 

LatRe HiRh EnerRV Observatory D 

2A2.A 

247.2 

253.9 

11E-03-A 

AST-5A 

Extended X-Rav Survey 

515.7 

482.4 

381.3 

np-ns-A 

AST-5B 

Larne Uinh Enerev Observatory A 

5AA . 9 

509.3 

403 .'2 

IIELJOjA 

HE-05-A 

,AST-5C 

Larree lUali Enerev Observatory C . . . 

313.6 

334.9 

268.7 

AST-5D 

Hitih Latitude Cosmic Rav Survey 

288.9 

294.6 

302.6 

AS-OL-A 

AST-6 

Larse Space Telescope 

1659.1 

1005.6 

683.0 

SO-02-A 

AST- 7 

Larae Solar Observatory 

1079.9 

780.7 

555.3 

HE-ll-A 

AST -9 A 

LarKQ Hich EnerKV Observatory D 

63A.8 

550.2 

427.6 

HE-OL-A 

AST-9B 

Laree X-Rav Telescooe Pacilitv 

614. 1 

575.2 

442.6 

AS-07-A 

AST-Nl 

Jm Ambient Temperature IR Telescope 

1058.1 

698.0 

492.4 

AS-U-A 

AST-N2 

1 . 5in TR Telescope 

978. A 

609.9 

428.1 

AS -13 -A 

AST-N3 

UV Survey Telescope 

504. A 

391.1 

290.1 

AS-IA-A 

AST-NA 

Im OV - Optical Telescope 

795.1 

511.6 

349.7 

AS-17-A 

AST-N5 

30m IR Interferometer 

388.5 

349 a : 

246.8 

HE-07-A 

PilY-lA 

Small Hlsh Eneray Satellite 

619.5 

421.4 

289.2 

AP-09-A 

PHY-2A 

Gravitational and Relativity Satellite - LEO 


172.7 


HE-12-A 

PllY-5 

Cosmic Ray Laboratory 

1033.4 

772. L 

581.0 

LS-02-A 

LS-T 

Biomedical Experiment Scientific Satellite 

873.(5 

642.2 

345.1 

EO-Oa-A 

EO-3 

Earth Observatory Satellite 

1982.0 

1328.9 


EO-IO-A 

EO-5 

Applications Explorer (Special Purpose Satellite) 

iSb'a. 

lSz.5 

135.8 

OP-02-A 

EOP-5 

Gravity Gradiometer 

220.2 

224.5 

230.7 

OP-OA-A 

EOP-7 

ORAVSAT 

251.6 

252.8 

260.6 

OP-05-A 

EOF -8 

Vector Macnetometer Satellite 

197.5 

178.4 

158.3 

OP-Sl-A 

NN/D-IA 

Global Earth and Ocean MonitorinR System 

529.1 

427a 

342.1 



jlOTAL, LEO 

163A3.6 

12494.9 

9396.1 

MEO/HEO Spacecrafe Name 




AS -05 -A 

AST-IC 

Advanced Radio Astronomy Explorer 

121,3 

136.0 

111.8. 

AS-16-A 

AST -8 

l.arce Radio Observatory Array 

, 253.9 

250.3 

210.4 

AP-Ul-A 

PHY-Ul 

Upper Atmosphere Explorer 

126.1 

120.8 

119.4 

AP-02-A 

PHY-lC 

Explorer-Medium Altitude 

2A1.7 

225.6 

221.1 

AP-05-A 

PI1Y-3A 

Environmentril Perturbation Satellite-A 

260.8 

266.0 

272TT 

AP-07-A 

PHY-3B 

Environmental Perturbation Satellite-B 

303.5 

326.6 ' 

277.0 

E0-U9-A 

EO-A 

Synchronous Earth Observatory Satellite 

53770 

462.2 

345.7 

E0-12-A 

F.0-6 

TIROS 

169.5 

I6U. 7 

L5B.b ; 

CN-51-A 

NN/D-1 

INTELSAT 

795.6' 

748. 2"' 

S7575 

CN-53-A 

NN/D-2B 

DOMSAT B 

697.4' 

6'75'VI ' 

"S67'.0' 

CN-58-A 

NN/D-2C 

DOMSAT C 

204.1 

2i4.4 

184 .4 

CN-5A-A 

N.M/D-J 

Disaster Warninc Satellite 

204 . 7 ' 

226.7 

184 . 1 

CN-55-A 

NN/D-4 

Traffic Manaaement Satellite 

289.1 

291.2 

252.8 

CN-56-A 

NN/D-5A 

Foreien Communication Satellite-A 

433.6 

413.1 

372.3 

rM-59-A 

NN/n-6 

Communications RAD Protntvpe 

284.8 

306.6 

246.1 

EO-56-A 

NN/D-8 

Environmental Nonitorlne Satellite 

392.9 

338.7 

285.4 

EO-57-A 

NN/D-9 

Foreian Synchronous Metcoroloalcal Satellite 

199.8 

2o6.6 

179.8 

E0-5B-A 

NN/D-IO 

Geosynchronous Operational Metcoroloalcal Satellite 

233.6 

236,8 

199.5 

E0-61-A 

NN/D-ll 

Earth Resources Survey Operational Satellite 

1502.0 

1060.1 

863,6 

EO-59-A 

NN/D-12 

Geosynchronous Earth Resources Satellite 

632.0 

533.4 

375.5 

E0-62-A 

KN/0-13 

Foreicn Synchronous Earth Observation Satellite 

64l. L 

532.3 

376. 5 


TOTAL. MEO/HEO 

8525.1 

7726.6 

6438.2 

TOTAL 

24869.1 

20221,5 

15834.3 
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costs, savings of on-orbit maintainable mode over expendable mode, and per- 
- cent savings. Each is ranked from highest to lowest. Table IX- 34 presents 
the same data for the MEO and HEO spacecraft. 

Tables IX-33 and IX-34 show that by proper mode selection for each of 
rhe spacecraft programs, a savings of 7 billion dollars in LEO programs and 
a savings of 2.1 billion dollars on MEO and HEO programs (for a total of 
9.1 billion dollars) can be realized over flying all of these programs in an 
expendable mode. Should NASA not develop the capability to perform any on- 
orbit maintenance, a savings of 3.9 billion dollars for LEO spacecraft and a 
savings of 0.9 billion dollars for MEO and HEO spacecraft, a total of 4.8 
billion dollars, could still be realized by developing the capability to per- 
form ground refurbishment. 

The savings for LEO and for MEO and HEO spacecraft have been presented 
separately since not all of the four maintenance concepts costed can service 
all the spacecraft. Only the pivoting arm and general purpose manipulator 
have the capability of being flown in the orbiter or attached to the tug. 

(They could also be attached to some sort of free flying teleoperator system.) 
The SRMS and EVA could only be performed near the orbiter. It may be possible 
to return some MEO spacecraft to the orbiter, service them with the SRMS or 
EVA, and return them to their orbit, all utilizing one tug; however, it is 
suggested that additional work be performed on this mode of operation. 
Approximately 0.8, billion of the 2.1 billion dollars savings for MEO and 
HEO spacecraft are in this class. 

It has been suggested by several sources that should the savings gained 
by going from an expendable mode spacecraft to an on-orbit maintainable mode 
spacecraft not prove sufficiently high, then a spacecraft program might still 
elect to fly in the proven mode of expendable. The last column in Tables 
IX-33 and IX-34 show the percent savings (of expendable cost) to be realized 
by utilizing the on-orbit maintainable mode. Spacecraft programs are ranked 
from highest to lowest. Thus for LEO spacecraft, should only those space- 
craft which demonstrate a minimum 30 percent savings over expendable be 
selected to be flown in the on-orbit maintainable mode, the total savings 
would be about 6.4 billion instead of the 7.0 billion dollars. For a mini- 
mum 20 percent savings, the total savings would be 6.9 billion dollars. For 
MEO and HEO spacecraft, a 30 percent minimum would mean about 1.3 billion 


TcihZe IX- S3 LEO Spaceovaft Summavy 


0<P COST 


EO-3 
AST-6 
[AST-7 
Iast-ni 
PHY-5 
[AST-N2 
LS-1 
IAST-N4 
IAST-9A 
PHY-IA 
[AST-9B 

Iast-sb 

NN/D-14 
AST-5A 
AST-N3 
ASr-3 
AST-N5 
[AST-5C 

Iast-sd 

EOP-7 
AST-4 
lEOP-5 
EOP-8 
EO-5 
PHY-2A 
AST-IB 

TOTAL $16,343.6 


$ 1,982.0 
1, 659. 1 
1,079.9 

1 , osa 1 

1,033.4 
97a 4 

873.6 

795.1 

634.8 

619.5 

614.1 

544.9 

529.1 

515.7 

504.4 

491.6 

388.5 

313.6 

288.9 

251.6 

242.4 

220.2 

197.5 

196.4 

185.5 
145.3 


$ 1,982.0 
3, 641. 1 
4,721.0 
5, 779. 1 

6.812.5 
7, 790. 9 

8.664.5 

9.459.6 
10,094.4 
10,713.9 

11 , 32a 0 

11, 872. 9 

12.402.0 

12.917.7 

13.422.1 

13.913.7 

14.302.2 
14, 615. 8 
14, 904. 7 

15. 156. 3 
15, 39a 7 
15, 6ia9 

15. 816.4 

16. 012. 8 
16, 19a 3 
16, 343. 6 


SAVINGS 




EO-3 

AST-6 

AST-Nl 

AST-N2 

LS-1 

AST-7 

PHY-5 

AST-N4 

PHY-IA 

AST-N3 

AST-9A 

NN/D-14 

AST-9B 

AST-3 

AST-5B 

AST-N5 

AST-5A 

EO-5 

AST-5C 

AST-IB 

EOP-8 

PHY-2A 

AST-4 

AST-50 

EOP-5 

EOP-7 

TOTAL 


$1052. 6 

976.1 
565.7 

550.3 
52a 5 

524.6 

452.4 

445.4 

330.3 

214.3 

207.2 
187.0 

171.5 

167.6 

141.7 

141.7 

134.4 
60.6 
44.9 
39.5 

39.2 

16.7 
0 

0 

0 

0 


$1052.6 
202a 7 

2594.4 
3144. 7 

3673.2 

4197. 8 

4650.2 
5095.6 

5425. 9 

5640.2 

5847.4 

6034.4 

6205. 9 

6373. 5 

6515.2 

6656. 9 

6791. 3 

6851. 9 
6896. 8 

6936.3 

6975. 5 
6992.2 


$6992.2 


SAVINGS 


LS-1 

AST-6 

AST-N2 

AST-N4 

AST-Nl 

PHY-IA 

EO-3 

AST-7 

PHY-5 

AST-N3 

AST-N5 

NN/D-14 

AST-3 

AST-9A 

EO-5 

AST-9B 

AST-IB 

AST-5A 

AST-5B 

EOP-8 

AST-5C 

PHY-2A 

AST-4 

AST-5D 

EOP-5 

EOP-7 


60.5 ' 

5a 8 

56.2 

56.0 
53.-5 

53.3 

53.1 

4a 6 

43.8 

42.5 

36.5 

35.3 

34.1 

32.6 

30.9 

27.9 

27.2 
26.1 
26.0 
19.8 

■■9.0 

0 

0 

0 

0 


$6371. 1 30% 


6891. 4 ml 
6930.6 m 

6975. 5 10% 


ALL COST AND SAVINGS ARE /VULLIONS OF DOLLARS, 


Table IX-34 MEO and HEO SpaoeoTaft Summavy 


\ EXP COST 


E 

SAVINGS 


E 

1 % SAVINGS 

E 


NN/D-11 

$1502.0 

$1502. 0 

NN/D-11 

$638.4 

$ 638.4 

NN/D-11 

42.5% 



NN/D-1 

795.6 

2297. 6 

NN/D-13 

266.1 

904.5 

NN/D-13 

41.4 



NN/D-2B 

697.4 

2995.0 

NN/D-12 

256.5 

116L0 

NN/D-12 

40. 6 



NN/D-13 

642.1 

3637. 1 

EO-4 

191.3 

1352. 3 

EO-4 

35.6 

$ 126 a 5 

30% 

NN/D-12 

632.0 

4269.1 

NN/D-1 

160.0 

1512. 3 

NN/D-8 

27.4 

1459. 8 

25% 

EO-4 

537.0 

4806. 1 

NN/D-2B 

130.4 

1642. 7 

NN/D-1 

20.1 

1619. 8 

20% 

NN/D-5 

433.6 

5239. 7 

NN/D-8 

i07.5 

1750.2 

NN/D-2B 

18.7 



NN/D-8 

392.9 

5632. 6 

NN/D-5 

61.3 

1811.5 

AST-8 

17.1 

1793. 7 

15% 

PHY-3B 

303.5 

5936. 1 

AST-8 

43.5 

1855.0 

NN/D-10 

14.6 



NN/D-4 

289.1 

6225.2 

NN/D-6 

38.7 

1893.7 

NN/D-5 

14.1 


■ 

NN/D-6 

284.8 

6510. 0 

NN/D-4 

36.3 

1930. 0 

NN/D-6 

13.6 



PHY-3A 

260.8 

6770. 8 

NN/D-10 

34.1 

1964.1 

NN/D-4 

12.6 



AST-8 

253.9 

7024.7 

PHY-3B 

26.5 

1990. 6 

NN/D-3 

10.1 



PHY-IC 

241.7 

7266.4 

PHY-IC 

20.6 

2011.2 

NN/D-9 

10. 0 

2004.7 

10% 

NN/D-10 

233.6 

7500. 0 

NN/D-3 

20.6 

2031. 8 

NN/D-2C 

9.7 



NN/D-3 

204.7 

7704. 7 

NN/D-9 

20.0 

2051. 8 

PHY-3B 

8.7 



NN/D-2C 

204.1 

7908. 8 

NN/D-2C 

19.7 

2071.5 

PHY-IC 

8.5 



NN/D-9 

199.8 

8108. 6 

EO-6 

10.9 

2082.4 

AST-IC 

7.8 



EO-6 

169.5 

8278.1 

AST-IC 

9.5 

2091.9 

EO-6 

6.4 



PHY-IB 

126.1 

8404.2 

PHY-IB 

6.7 

2098.6 

PHY-IB 

5.3 



AST-IC 

121.3 

8525. 3 

PHY-3A 

0 

2098. 6 

PHY-3A 

0 




ALL COST AND SAVINGS ARE MILLIONS OF DOLLARS. 





instead of the 2.1 billion dollars savings. A 20 percent minimum could mean 
a. 1.6 billion dollar savings, instead of the full 2.1 billion dollars. 

J. ADDITIONAL COSTING CONSIDERATIONS 

1. Design Failure 

In the calculation of the parts factors, two types of failures were con- 
sidered; the random failures and the wear-out failures. Spacecraft have, 
however, through the years also demonstrated that there is a third type of 
failure, the design failure. Design failures consist of those failures that 
occur due to an error or oversight in design, manufacture or testing that 
could have been corrected, if noticed, prior to launch, if a design fa:llure 
occurs in a module or component of one spacecraft, the same design failure 
will usually be present in the same modules, or components, in all identical 
spacecraft. While analytical methods have been developed to treat random and 
wear-out failures, none have been developed for design failures. To investi- 
gate the effects of design failure, it was decided to investigate past data 
on spacecraft programs and to determine some method of applying this histori- 
cal data to the maintenance applicable set of spacecraft, it was suggested 
to us by the COMSAT Corporation, and we agreed to use the assumption, that 
two design failures would appear and could be corrected by the third year of 
each mission, and that one would be capable of a work around not requiring 
either a service mission or another expendable mission. In order to obtain 
some estimate of how design failures might affect program cost, it was de- 
cided to either replace all spacecraft in orbit for each program three years 
after the first launch, which had not been replaced by a normal failure 
(expendable mode) or to service all spacecraft in orbit for each program 
three years after the initial launch which had not yet been serviced for a 
normal failure (on-orbit maintainable mode). A review of the normal mission 
model showed that this affected eight programs, all in geostationary orbits. 
All other programs had expected servicings before or at the three year time 
period and would not require additional missions. Table IX-35 presents a 
new summary for the MEO and HEO spacecraft, listing the expendable costs, 
savings for on-orbit maintenance, and percent savings. It shows that the 
savings in MEO and HEO could increase from 2.1 billion up to 2.5 billion 
dollars during this era if these projected design failures are taken into 
account.. While this type of analysis only provides a very rough estimate, at 
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Table IX-35 Design Favluves Effects for MEO and HEO Spacecraft 


EXP COST 


__ 

SAVINGS 


E 

% SAVINGS 

E 


$1502. 0 

$1502.0 

NN/D-11 

$638.4 

$ 638.4 

NN/D-11 

42. 5 % 



1056.2 

255a 2 

miD-V' 

299.4 

937.8 

NN/D-13 

41.4 



814.5 

3372.7 

NN/D-13 

266.1 

1203. 9 

NN/D-12 

40.6 

$1161 

40% 

642.1 

4014. 8 

NN/D-12 

256.5 

1460.4 

EO-4 

35.6 

1352. 3 

30% 

632.0 

4646.8 

NN/D-2B^' 

196.9 

1656. 9 

miD-v 

28.3 



537.0 

5183. 8 

EO-4 

191.3 

184a 2 

NN/D-8 

27.4 

1759.2 

25% 

523.6 

5707.4 

NN/D-5- 

109.1 

1957.2 

NN/D-2B* ■ 

24.1 



392.9 

6100. 3 

NN/D-8 

107.5 

2064.8 

NN/D-5’" 

20.8 



343.4 

6443.7 

NN/D-6" 

65.7 

2130. 5 

NN/D-6^= 

20.3 

2130.5 

20% 

324.4 

676a 1 

NN/D-4’'’ 

59.7 

2190.2 

NN/D-3-'- 

19.3 



303.5 

7071. 6 

NN/D-3* 

48.8 

2239. 0 

NN/D-2C«‘ 

18.5 



262.8 

7334.4 

NN/D-2C- 

48.7 

2287. 7 

NN/D-9’^' 

ia3 



260. 8 

7595.2 

AST-8 

43.5 

2331.2 

NN/D-4’'' 

17.4 



253.9 

7849.1 

NN/D-9- 

36.0 

2367.2 

AST-8 

17.1 

2367.2 

15% 

252.9 

8102.0 

NN/D-10 

34.1 

240L3 

NN/D-10 

14.6 

2401, 3 

10% 

241.7 

8343.7 

PHY-3B 

26.5 

2427. 8 

PHY-3B 

8.7 



233.6 

8577. 3 

PHY-IC 

20.6 

2448.4 

PHY-IC 

8.5 



232.6 

8809.9 

EO-6 

10.9 

2459. 3 

AST-IC 

7.8 



169.5 

8979.4 

AST-IC 

9.5 

2468. 8 

EO-6 

6.4 



126.1 

9105.5 

PHY-IB 

6.7 

2475. 5 

PHY-IB 

5.3 



121.3 

9226.8 

PHY-3A 

0 

2475. 5 

PHY-3A 

0 




NN/D-11 $1502.0 $1502.0 NN/D-11 $( 

NI\l/D-r'- 1056.2 255a 2 NN/D-l" I 

NN/D-2B«- 814.5 3372.7 NN/D-13 ! 

NN/D-13 642.1 4014.8 NN/D-12 ; 

NN/D-12 632.0 4646.8 NN/D-2B^' 

EO-4 537.0 5183.8 EO-4 

NN/D-5’’' 523.6 5707.4 NN/D-5- 

NN/D-8 392.9 6100.3 NN/D-8 

NN/D-4* 343.4 6443.7 NN/D-6" 

NN/D-6- 324.4 676a 1 NN/D-4’'- 

PHY-3B 303.5 7071.6 NN/D-3* 

NN/D-2C=“ 262.8 7334.4 NN/D-2C- 

PHY-3A 260.8 7595.2 AST-8 

AST-B 253.9 7849.1 NN/D-9- 

NN/D-3='' 252.9 8102.0 NN/D-10 

PHY- 1C 241.7 8343.7 PHY-3B 

NN/D-10 233.6 8577.3 PHY- 1C 

NN/D-9‘'‘ 232.6 8809.9 EO-6 

EO-6 169.5 8979.4 AST- 1C 

PHY-IB 126.1 9105.5 PHY-IB 

AST-IC 121.3 9226.8 PHY-3A 

^•’PROGRA/VIS INVOLVING DESIGN FAILURES. 

SUM/VIARY 


LEO 

MEO & HEO 
TOTAL 


EXP 


OM 

A 

% 

$16, 

343.6 

$ 9, 171. 6 

$6992.2 

42.8 

9, 

226.8 

6, 751. 3 

2475.5 

26.8 

$25, 

570.4 

$15, 922. 9 

$9467. 7 

37.0 


ALL COST AND SAVINGS ARE MILLIONS OF DOLLARS 


- t.: 



best, of the effects on costs of design failures, it does Indicate the trend 
that the ability to take care of design failures does provide an additional 
cost benefit to the on-orbit maintainable mode. Although not calculated, 
similar benefits could be shown for the ground refurbishable mode over the 
expendable mode, although the amount of savings would be smaller. 

2 , Consideration of Expendable Spacecraft Flights Prior to the Shuttle Era 

As discussed previously, and presented in Table IX-5, some programs 
existed for which expendable spacecraft would be flown prior to 1979 for LEO 
spacecraft or prior to 1982 for tug-delivered spacecraft. Each program 
listed in Table IX-5 must make its own decision as far as launching a portion 
of its spacecraft as expendable plus a portion as on-orbit maintainable. For 
some programs, the decision is easy. Programs v^ich show a cost penalty for 
launching in the on-orbit maintainable mode (such as AST-4) should, of course 
fly all spacecraft in the expendable mode. Other spacecraft, with only a 
small percent savings (see Tables IX-33 and IX-34) for flying in the on- 
orbit maintainable mode (such as PHY-lB, EO-6, AST-lC, PHY-lC) would be 
strongly advised to also fly in the expendable mode. 

Spacecraft which lie in the upper portions of the percent savings list in 
Tables IX-33 and IX-34 would probably be advised to either delay the expend- 
able launches until the STS is ready, particularly if the period is short and 
only 1 or 2 expendable spacecraft launches are involved (such as EO-4) or to 
pay the penalty of. developing separate expendable and on-orbit maintainable 
spacecraft if several missions are to be launched expendably and if the space 
craft program does not want to wait for the STS to be ready for maintenance 
(possibly NN/D-11). For some programs, the decision may be made easier due 
to the fact that the early expendable missions may be one model of the space- 
craft, and the later missions may have to be a separate model anyway (such 
as NN/D-1, NN/D-2A and NN/D-2B). This decision must be made individually 
for each spacecraft, and the suggestions presented here are intended only to 
list several options, not to attempt to make early decisions for the pro- 
grams listed. 

3. Multiple Spacecraft Seirvicing 

The maintenance costs presented were based upon a single servicing per 
mission. However, additional savings can be realized from servicing 2 or 
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.rore spacecraft per nisslcn. The Min savings were from the spreading of the 
launch costs of the servicer among the sapcecraft to be serviced (module 

costs are already spread by the launch cost reimbursement policy used) , 
although some savings are realized by a slight reduction in maintenance con- 

cept costs («$10-20M). 

For tug missions, the additional savings due to multiple spacecraft ser- 
vicings are estimated to be $92M for 2 servicings per flight or $123M for 3 
servicings per flight. For LEO spacecraft, the additional savings are esti- 
mated to be $63M, $84M, and $94M for 2, 3 or 4 servicings per flight, 
respectively. The total affects on multiple spacecraft servicings are esti- 
mated to be about $0.2B in addition to the $9. OB already shown. 

U. Expendable Ser vicer Mechanisms 

With the launch cost reimbursement policy used for tug flights, the 
charge to return a servicer from the spacecraft orbit to the ground is about 
$1,2M (including both the tug and orbiter charges). 

Table IX-36 presents a summary of the servicer unit costs for a pivoting 
arm servicer with a 90 percent improvement curve. 

Table IX-36 Sevvioev Unit Costs Leojming Curve 


NUMBER OF 
SERVICERS 
BUILT 

AVERAGE 
COST PER 
SERVICER 

1 

$1.80M 

30 

$1.07M 

60 

$0. 97M 

100 

$0. 89M 


The cable shows that if enough servicers are built, it may be cheaper to ex- 
pend servicer mechanisms than to return them for tug missions. This, of course 
is highly dependent upon the final form of launch cost reimbursement policy. 
However, this does suggest that it may also be economically feasible Co con- 
sider the use of servicer mechanisms with the Interim Upper Stage (lUS). The 
mission model used for this study estimated a total of 99 servicing missions 
requiring the tug (more if design failures are Included, less if multiple 
spacecraft servicing is used) . Additional servicing missions flown with the 
lUS may increase the total savings even more. 

IX-67 



K. MAINTENANCE CONCEPT SELECTION 

The cost siiinmary has basically addressed, up to now, the primary question 
of which mode - expendable, ground refurbishable, or on-orbit maintainable - 
provides the most economic benefits during the Shuttle era. However, it is 
also necessary to address which maintenance oonoe'pt can provide the greatest 
economic benefits. During this study, up to 25 separate maintenance concepts 
were evaluated and four were selected to be carried through the study. These 
four were selected based primarily on technical evaluations. These four, as 
shown in Table IX-31, were SRMS, EVA, and two servicer mechanisms, the pivot- 
ing arm and the general purpose manipulator. The data in Table IX-31, however 
does not present the total story. It is necessary to examine the total eco- 
nomic effects of selecting each concept. Two of the concepts (EVA and SRMS) 
could only be utilized in LEO, and thus would not realize some of the total 
economic benefits of being able to perform maintenance on the entire range of 
shuttle automated spacecraft. In addition, the life cycle costs shown in 
Table IX-31 reflected total maintenance concept costs for the pivoting arm 
and the general purpose manipulators for performing about 100 more servicings 
than for the EVA and SR^S. To compare all the concepts more equitably, costs 
for the same number of missions should be compared. And finally, the selec- 
tion of any one of the concepts will entail specific spacecraft effects which 
are not reflected in Table IX-31. Table IX-37 preseiits another form of 

Table IX-37 Visiting System Cost Compavisons (millions of dollavs) 


MAINTE- 

NANCE 

CONCEPTS 

DDT&E 

PRODUC- 

TION 

OFtRA- 

TIONS 

MAINTE- 

NANCE 

CONCEPT 

SUBTOTAL 

AS/C DDT&E 
AND PRO- 
DUCTION 
EFFECTS 

A 

ORBITER 

LCRP 

EFFECTS 

TOTAL 

PIVOTING ARM 
LEO/MEO/HEO 

29 

17 

57 

103 

0 

0 

103 

PIVOTING ARM 
LEO ONLY 

29 

14 

47 

90 

0 

0 

90 

SRMS, LEO ONLY 

22 

20 

40 

82 

0 

100 

182 

EVA, LEO ONLY 

18 

11 

51 

80 

90 

100 

270 

GENERAL 

PURPOSE 

manipulator 

LEO/MEO/HEO 

32 

22 

1 

64 

118 

0 

40 

158 
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suirmary of the maintenance concepts where spacecraft program effects are in- 
cluded. The 90 million dollars shown for EVA spacecraft DDT&E and production 
effects is to show the effects of designing the spacecraft for EVA mainten- 
ance. The arbiter LCRP effects for the SRMS and for EVA (100 missions) is to 
take into account launching and returning the larger spacecraft support 
structure used for EVA and SRMS maintenance. The orbiter LCRP effects for 
the general purpose manipulator (40 million) is to take into account launch- 
ing and returning a heavier servicer to tug orbits. Also shown is the reduced 
cost for the pivoting arm for flying only LEO missions, to put it on the same 
basis as the SRMS and EVA. The general purpose manipulator costs for LEO 
only are not shown since the pivoting arm is shown to be generally a more 
economic servicer mechanism. Table IX-38 presents a total summary of flying 
Table IX-38 Maintenanae Modes and Concept Cost Svirmavy 



EX PEN D- 
ABlf 

GROUND 

REFUR- 

BISHABLE 

ON-ORBIT MAINTAINABLE 

COMBINATIONS 

EVA 

SRMS 

GENERAL 

PURPOSE 

MANIPU- 

LATOR 

PIVOT- 

ING 

ARM 

LfO-EVA 

ME0& 

HEO-GR 

LEO-EVA 

MEO-EVA 

MEO/HEO- 

GR 

l£0 

SPACECRAFT 

16.34 

12.46 

9.54 

9.45 

9.35 

9.35 

9.54 

9.54 

MEO & HEO 
SPACECRAFT 

8.53 

7.62 

8.53 

8.53 

6.47 

6.43 

7.62 

7.37 

AAAINTENANCE 

CONCEPT 

- 

- 

0.08 

0.08 

0.12 

0.10 

0.08 

0.08 

TOTAL 

24.87 

20.08 

18.15 

18.06 

15.94 

15.88 

17.24 

16.99 

A FROM 
EXPENDABLE 

0 

-4.79 

-6.72 

-6.81 

-8.93 

-8.99 

-7.63 

-7.88 

A FROM 
GROUND 
REFUR- 
BISHABLE 

+4.79 

0 

-1.93 

-2.02 

-4.14 

-4.20 



-2.84 

-3.09 


all the programs in the expendable, ground refurbishable, or on-orbit main- 
tainable modes using EVA, SRMS, and the pivoting arm. Various combinations 
are also shown. 

As can be seen from both tables, the pivoting arm can save from 100 to 
200 million dollars over EVA and the SRMS, if LEO only is considered, but from 
1 to 2 billion dollars, over EVA and the SRMS if the entire shuttle automated 
spacecraft program is considered. The 9.0 billion dollar savings (shown in 
Table IX-38) from developing and flying the pivoting arm servicer during the 
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shuttle era could approach 10 billion or more when other factors are con- 
sidered (such as design failures, multiple spacecraft servicings, expendable 
servicer mechanisms, use of the lUS, etc.). 

L. COST SENSITIVITY ANALYSIS 

The final cost summaries for the lOSS indicated a savings of over 9 
billion dollars possible during the shuttle era by developing the capability 
to perform on-orbit maintenance rather than fly all spacecraft in the ex- 
pendable mode. A sensitivity study was performed on the data used to calculate 
total costs and savings to determine: 

1) Accuracy and validity of input data and effects of data inputs 
on results, and 

2) Effects of future changes in data on study results. 

Results of the cost sensitivity study show that mission model changes 
and parts factors variations have the greatest effects on study results, but 
that on-orbit maintenance is still feasible with reductions of up to 50 per- 
cent in the number of missions currently in the mission model, for almost 
all conditions. 


The method used to investigate the variation and sensitivity of the cost 
data is known as the "influence coefficient" method. Let 


1) S S (Xj^, X2»...jX^) 

where S = savings of on-orbit maintainable over expendable 
x^ = cost parameters used to calculate S 


2 ) 


3) 


where 


d S 

B X, 

1 

S S 


where A S = 

Ax. = 
1 


S (x, , x« , ... »x ) 
ax. 1 2 n 

1 

influence coefficient for each cost parameter 


As = — Ax. 

3x. ^ 

1 

total delta in savings 

delta (or variation) in each cost parameter 
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Once the influence coefficients have been calculated for all parameters, 
it is simple to multiply each influence coefficient by any change in any cost 
parameter to determine what its effect will be on savings. In this analysis, 
it was determined to only look at savings between expendable and on-orbit 
maintainable and to ignore ground refurbishable. While ground refurbishable 
mode may be the preferred mode for some spacecraft, the final cost summary 
showed that, for the launch cost reimbursement policy used, all spacecraft in 
the maintenance applicable set were less expensive for either expendable or 
on-orbit maintainable. 

1. Equation for Savings 

The following two equations are the basic equations used in the final cost 
summary for total costs for each spacecraft for expendable and on-orbit main- 
tainable modes: 

n+LF 

EX cost (a^ + (n + LF)(1 ^S/C ^NR ScPE 

n+LF 

OM cost = ^ (a, C + b.C^) 

. - 1 o 1 t 

1=1 

+ (n^ + LF^ + (n - nppf)(l + R) (1 + sf) + d 

Table IX-3 presented a definition of all parameters used in the costing 
equations. 

Separate equations were made for LEO flights and MEO/HEO flights, and 
the following substitutions were used, as follows: 

a„ = a for expendable flights 
£ 

b = b for expendable flights v 

E ' ■ ’ 

a^^ = a (n^) for original emplacement launch for on-orbit main- 
tainable flights 

^02 ~ a (n - for servicing launches 

b^^ = b (n^) for original emplacement launches for on-orbit main- 
tainable flights 

bo 2 “ b servicing launches 
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The on**orbit maintainable cost was then subtracted from the expendable 
cost to calculate savings. 


h ' “o[" *E ■ "f *01 • <“ ■ "£>*02 ^^*E • ^ <"£>*01 ' ‘ *£> 

+ “l>*02] 

+ (1 + R) [ n + LF - (n^ + LF3 + (n - n^)pf) (1 + sf )J 

+ (1 - d) 

ScPE " ScPO 

where S = savings equation for LEO 
L 


The equation for savings for MEO/HEO (Sj^/y) is the same with the added 
tug term. 


- (LF (n - np + LF^)bQ 2 ] 


Before the equations were used for the final cost summary, two changes 
were made. First of all, load factors were used for the orbiter and the tug 
(to allow for flying orbiters and tugs not fully loaded) as follows: 


C = 


12.0 


and = 


1.1 


where 



actual launch cost of orbiter ($12. OM was used) 
actual launch cost of tug ($1.1M was used) 
load factor, orbiter (0.70 was used) 
load factor, tug (0*85 was used) 


In addition, launch costs of the on-orbit maintainable mode were altered 
to take into account the differences between initial emplacement launches for 
the on-orbit fleet size and servicing launches. Different values of ’’a" 
were calculated for the establishment of the fleet size and for servicing 
launches and the loss factors were altered for the establishment of the 
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fleet and for the servicing. These resulted in launch costs as follows for 
.on»orbit maintainable. 


n + LF 






+ (a 

C + b CJ 

(n - n- ■ 

' n - 

n^ o n - n^ t 

f 


C “ C was reduced to 
KPE KPO 


MY 


•»(¥)'“ (^) 


where C.__ = cost per man year 
Mi 

A simplifying assumption of a^ and b^^, was used and values 

for the various "LF's" were used, as shown below: 

LF LF (n^) LF (n - n^) LF, 


LEO 

MEO/HEO 


.Oln 

,02n 


.03 (n - n^) .01 (n - n^) 


1 (n - n^) 

(.06 + iFjjj^yXn - np 


.04 (n - n^) .02 (n - n^) (.07 + If^^^^Xn - n^ 


The LEO and the MEO/HEO equations could then be reduced to the following 
forms: 


=L = ‘^o{ - V [ - V ]} 


"m/h 


*^S/C 

(1 

+ R) 

< 1.01 

n - sf*n_ 

X 

(pf + .06 + Ifjjj^^Xn 

^NR 

(d - 

■ 1) 





y 


. .43 . 



n 

1 

S/C 

] ( 

n - nA 


^MY 

JU \ 

10 

) V 

2 ) 



n - 

np 


a ) 1.02 
o 

-.04]} 

• V 

M 

(n 

“ "f 

>[C’e 

- b ) 1.02 
o 

- .04)]| 

^s/c 

(1 

+ R) 

|l.02 

n - sf*n^ 

(pf + .07 + 

^NR 

(d - 

■ 1) 





- 


- c. 


MY 
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2. Influence Coefficients 


■ From the savings equations; it can be seen that; 

S = S (n, n^, pf, sf, d, R, Cg^^, C^, C^., (a^ - a^) , (b^ - b^)). 

C G; . 

, . , f, _ and C = - ■ • - and S also can be a 

It must be remembered that G^ - ^ 

o ^ 

a function of ^ 12 . 0 * ^1,1' ^o ^t* 

Table IX- 39 presents a summary of all the equations used to calculate 
S and S / for all the spacecraft. For the influence coefficient for n^, two 
separate types were calculated with subscripts 1 and 2. Subscript 1 Indicates 
that n varies with n^ according to the following equation: 


"l " original 

Subscript 1 would be used, for an example, on a program like EOS, where 
the number of operating cycles is held constant at 16, but the on-orbit fleet 
size is increased from 1 to 4. Subscript 2 would be used, for example in a 
program like INTELSAT where the originally costed program consisted of a 
fleet size of 9, each serviced once, which could be cut to a fleet size of 7, 

each serviced once. 

Table IX-40 presents a summary of the nominal values of all the costing 
paratneters for each spacecraft program In the maintenance applicable set and 

the nominal savings. 

Table IX-41 presents a summary of all of the influence coefficients for 
each spacecraft program in the maintenance applicable set. 

The sign of the influence coefficient is very important. A positive sign 
indicates that a positive delta (increase) of the costing parameter will re- 
sult in an increase in savings for that program, and a negative delta 
(decrease) of the costing parameter will result in a decrease in the savings. 
A negative sign on the influence coefficient will, of course, mean the oppo- 
site. For example, an increase in n^ (if n is held constant) would mean a 
decrease in savings for all spacecraft programs. However, an increase xn n^ 
(if n varies with n^ such that the ratio between the two is held constant) 
would result in an increase in savings for most programs. Those that show a 
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Payload 

Mo. 

Payload 
Model 
Code No. 

AS -03 -A 

AST-IB 

S0:-03-A 

HE-09-A 

HE-03-A 

HE-08-A 

AST-3 

AST-4 

AST-5A 

AST-5B 

HK-IO-A 

AST-5C._ 

HE-05-P 

AST-5D 

AS-Ol-A 

AST-6 

S0-02-A 

HE-ll-A 

AST-7 

AST-9A 



HE-OI-A AST-9B 
AS-07-A AST-Nl 
AS-ll-A AST-N2 
AS-13-A AST-N3 
AS-14-A AST-N4 
AS-17-A AST-N5 
HE-07-A PHY-IA 
AP-04"A PHY-2A 
HE-I2-A PHY-5 
LS-02-A LS-1 
E0-Q8-A EO-3 
EO-IO-A EO-5 
0P-02-A EOP-5 
0P-04-A EOP-7 
OP-05-A EOP-8 
OP-51-A NN/D-14 


i-A ASI-lC 

l-A PHY-IB 
’-A PHY-IC 
i-A PHY-3A 
r-A PHY-3B 
)-A EO-4 
I- A EO-6 
L-A NN/D-f" 
i-A NM/D-2B 
i-A NN/D-2'C 
i-A NN/D-3 
i-A NN/D-4 
i-A NN/D-5A 


High Latitude Cosmic Ray Survey 

Large Space Telescope 

Large Solar Observatory 

Large High Energy. Observatory D 

Large X-Ray Telescope Facility — 

3m Ambient Temperature IR Telescope 

1.5m IR Telescope 

UV Survey Telescope 

Im UV - Optical Telescope 

30m IR Interferometer — 

Small High Energy Satellite ^ 

Gravitational and Relativity Satel lite - LEO 

Cosmic Ray Laboratory 

Biomedical Experiment Scientific Satellite _ 

Earth Observatory Satellite . 

Applications Explorer (Special Purp ose Satellite) 
Gravity Gradiometer 

' GRAVSAT 

Vector Magnetometer Satellite . 

' Global Earth and Ocean Monitoring System 

MEO/HEO Spacecraft Name 

I Advanced Radio Astronomy Explorer 

' T.arge Radio Observatory Array ; 

Upper Atmosphere Explorer ^ ^ 

' Explorer-Medium Altitude 

■ Environmental Perturbation Satelllte-A 

Environmental P erturbatio n Sa tellite-B 
' Synchronous Ea rth Observatory Satellite 

~ TIROS ; 

INTELSAT 

~ DOMSAT B 

~ DOMSAT C ^ : 

" nisaster Warning Satellite., 

Traffic Management Satellite 

" Foreign Communication Satellite-A 


EO-56-A NN/D-8 F.nvironmental Monitoring Satellite — ^ ^ ^ 

EO-57-A NN/D-9 F oreign Synchronous Meteorolog ical Satellite — . 

EO-58-A NN/D-IcT npnsvnchronous Operational M eteorological. S_atellit e 

E0-61-A NN/D-ll F.arth Resources Survey Operat ional Satellite 

E0-59-A NN/D-12 Geosynchronous Earth Resource s Satellite 

EO-62-aI NN/n-13 I Foreign Synchronous Earth Observation SotelUte „ __ 

* In millions of dollars 
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1 .01 
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Table IX-41 Summary of Influenae Coefficients 


Payload 

No. 


^-03 -A 


S0-Q3-A 


HE-09-A 


HE-03-A 


ilE-CI8 

flZ-1.0 


zJi. 


HE-05-A 


AS-Ql 

SO-02 


Payload 
Model 
Code No, 


AST-IB 


AST-3 


AST-4 


AST-5A 




LEO Spacecraft Name 


Cosniic Backeround Explorer 


Solar Maximum Mission 


Large High Energy Observatory B 


Extended X-Ray Survey 


^SX=5£- 


AST-5D 


AST-6 

AST-7 


Large High Energy Obser v atory A 


Large High Eneryv Observatory C. 


High L atitude Coamlc Ray Survey 


Large Space Telescope 
Solar 


(S) 


6.527 


i5.016 


57.196 


74 . 203 


78.51 


55.619' 


67.978 


(^1 


-7.112 


-38.193 
" 6T 383 




38.576 

171.902 


-60.470 

^^STTTTT 


-60.270 


89.879 


-73.700 

■■-57.217 


mrrm 


\dpfl^ 


-54.377 


-245.993 


I42:rs3 


15o;385 


50.968 


-5.723 

m3TT 


■-205.504 


-72.0j2 


ir 


-1251.975 


(L%) 


-24.508 

-100.238 


-68.67 


-122.150 

'-118.728 


-78.715 


-82.077 


-314.101 


-47.7 


-166.2 


-168.3 


-220.3 


-233.9 


-163.5 


- 201.2 


30.156 


156.991 


"^"41 " 


128.643 


T3ST25T 


45.631 


-3.271 


-258.5 


860.785 


HE-ll-A 


AST-9A 


Large 


Observatory 


HE-Ol-J 


AST-9B 


Large High Energy Observatory D 


^■.155 


■-97. 2517 


AS-07-A 


AST-Nl 


Large X-Ray Telescope Facility 


73.632 


AS-ll-i 


AST-N2 


3m Ambient Temperature IR Telescone 


94.016 


•101.281 


532.430 

215.401 


-677.952 
-283. ' 


180.765 


AS-13-A 


AST-N3 


lj_5ni_IR_Telesco£e 


72.077 


AS-14-A 


AST-N4 


UV Survey Telescope 


55.707 


-78.020 


Im UV 


AS-17-A 


AST-N5 


- Optical Telescope 


44.160 




570.673 

335TW 


-225 


■JM 


-217.651 

-134.624 


-263.3 


-736 


.042 

33T 


-135.465 


HE-07-A 


PHY-lA 


30m IR Interfernmprer 


44.946 


^577 

'-48.670' 


TmTTT 


-721. 5Q1 


■207.981 


-187.088 


AP-04 

HE-12 


-A 


PHY- 2 A 


Small High Energy Satellite 


50.21 


753T7 


Vtb . 735 


-283.068 


-A 


PHY-5 


Gravitational and Relativity Satellite - T.m 


67.384 


• - 73 . - U3 9 


T4'6.y57 


LS-02-A 


LS-1 


Cosmic Ray Laboratory 


7TT72t7 


EO-08-A 


EO-3 


Biomedical Experiment Scientific Satellite 


EO-IO-A 


EO-5 


Earth Observatory Satellite 


J.17.909 

21.865 


OP-02-A 


EOF -5 


Applicat ions Explorer (Special Purpose Satellite) 


OP-04-A 


EOP-7 


Gravity Gradiometer 


GRAYS AT 


OP-05-A 


EOP-8 


OP-51-aInN/D-14 


Vector Magnetometer Satellite 


Global Earth and Ocean Moni toring System 


76.538 


4.012 


49.269 


29.212 


6.881 


'32.975 


AS-05-AlAST-lC 


AS-16-A 


AP-Ol-A 


AP-02-A 


AP-05-A 


AP-07-A 


EO-09-A 


E0-12-A 


CN-51-i 


CN-53-A 


CN-58-A 


AST-8 


PHY -IB 


PHY- 1C 


PHY-3A 


PHY-3B 


EO-4 


EO-6 


NN/D-1 


NN/D-2B 


NN/D-2C 


MEO/HEO Spacecraft Name 


Adyanced Radio Astronomy Explorer 


Large Radio Observatory Array 


Upper Atmosphere Explorer 


Explorer -Medium Altitude 


Environmental Perturbation Satellite-A 


Environmental Perturbation Satellite-B 
Synchronous Earth Observatory Satellite 


TIROS 


INTELSAT 


DOKSAI B 
DOMSAT C 


16.789 


16.619 


10.047 


TT327 


34.807 

36.632 


34.720 


15.639 


20.912 


23.605 


75^ 


331.267 


-576^73 

-176.547 


-99.615 

■149.548 


-224.5 


-255.4 


-208.8 


-163.8 






20.880 

'461.597 


-437.844 


-81.077 




-83.226 


529.078 


-4.400 


-53.319 


27.698 

-4.051 


-26.463 


-145.973 


-31.390 


-621.927 


-247.661 


-593.208 


-116.281 


-1450.064 


~-64i638 


-500.702 


-39.135 


■32.267 


-58.097 


-3.055 1 


-7.580 


16.448 


-35.650 


63.274 


0 

''-64.970 


-43.818 


^ OT.552 


-51.143 

T 54.239 


-11.328 


21.287 


-17.912 


48.565 


-10.871 


■714 .’393 


9.476 


-37.921 


■■’ib.O'bU 


-2.635 


-39.487 


34.658 


-37.008 


103.279 


-16.971 


15.452' 


-22.758 


19.634 


-25.458 


22.323 

10.229 


"-19.538 

■■-■B'2,578' 


-14.948 
"-38. 606 


0 


-51.670 


-248.582 

‘-■27r.125 


-300.841 


-234.812 


-14.475 


'747.132 


-16.196 


-23.596 

'"-52.211 


-58.857 


-131.986 


1I28.4 

-131.1 


-129.1 


-77.1 


-116.8 

-271.5 


-147.6 


-284.8 

-53.0 

-157.5 


-160.2 


-68.3 

7T70 


-51.7 


■778777 


-68.3 


-138.1 


7T53T2T 


-169.1 


-28.155 


-381.687 


-297.913 


-136.4 


-98.6 


-116.0 


-117.3 


463.066 

190.619 


149.251 


504.765 


495.672 


192.785 


396.21 

114.799 


306.230 


17.782 


421.716 


415.036 


925.971 


43.640 


-3.731 


-2.814 


32.954 


T67.144 


11.056 


■ 59 . 181 


9.860 




'72.874 


31.239 


15 5.457 


13.924 


143.238 


111.800 

21.226 


CN-54-A 


CN-55-A 


jm/D-3 


NH/D-4 


Disaster Warning Satellitp 


10.832 


CN-56-A 


NN/D-5A 


Traffic Management Satellite 


14.719 


-11.703 

-15.902 


-47.315 


13.900 


“■-42!84j 


m.r53-A 


E0-56-A 


HN/D-6 


Foreign Communication Sare1 1 1 ra./i , 


6.932 


-7.614 


-61.34 5 


6.459 


7758 


7713 


NN/D-8 


Communications RAn Protnl-ype 


8.105 


-8.807 


7.619 


-86.510 
-152! 53 9 


-94.6 


-110.559 


21.971 


E0-57-A 


HW/D-9 


EO-58-A 


EO-61-A 


NN/D-10 


EO-59-A 


HN/D-11 


NN/D-12 


EO^ 




Environmental Monitoring Satellite 


24.BKL 


-26.857 


'-'187.881 


-72.0 


48.517 


-74.151 


■TTTT 


40.396 


78.22 7 


F oreign Synchronous Meteorological Satellite 


18.325 


-57.683 


-20.152 


111.750 


7.112 


Geosynch ronous Operational Meteorological Satellite I 7.112 
Earth Resources Survey Operational Satellite 73.145 


TTiW 


13.776 


-168.076 


-141.5 


-63.298 


39.236 


-107.5 


Geosynchronous Earth Resources Satellite 


Foreign Synchronous Earth Ohse rvation Satellite 


39.882 


35.710 


-7.944 

7)8. '026 


-60.262 


107.214 


-37.183 


■-35'.ff4'4 


20.565 

328.278 


-53.018 


-90.394 


-81.9 


-66.412 


25.805 


TJ8.997 


-925.828 

^33.326 


-370.585 

7 BL237 


-81.9 


38.646 


-281.1 


142.302 


7338.034 I -150.263 


7117.6 


■6^13'.443 


211.211 


All coefficients are in millions of 1975 dollars per unit change in parameter 
those marked * where the coefficients are dimensionless. 
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decrease In savings are programs with only one operating cycle. Table IX-42 
presents a summary of which cost parameters will result In Increases or de- 
cress6s with positive deltas. 

Table IX-42 Simmary of Cost Parameter deltas Sign Effects 


COST PARAMETERS WHICH 
INCREASE SAVINGS FOR 
POSITIVE DELTA 

COST PARAMETERS WHICH 
DECREASE SAVINGS FOR 
POSITIVE DELTA 

n 

% 

n, 

Pf 

^2 


RO 

sf 

'“e ■ 

d 

m 

cr 

o 

^0 

o 

i/) 

o 

Xt 

Co 



•"NR 

^12.0 


^1.1 


-WILL DECREASE SAVINGS IF ONLY 1 FLIGHT PER PROGRAM. 


Once the influence coefficients were determined, the next step was to re- 
examine the cost parameters to determine the possible variations. The main 
effect on the costs and savings comes from possible changes in the mission 
model used to cost expendable and maintainable programs. 

At this date, the spacecraft programs that will be flying on the shuttle 
are very nebulous and it is necessary to know what possible changes will do 
to on-orbit maintenance. Any changes in the mission model will affect mainly 
the parameters n and n^, although the end effects of mission model changes 
may result in changes to parameters associated with the launch cost reimburse 
ment policy, X^, X^, C^, C^., a, b, etc. For this analysis, only 
the changes in n and n^ were examined fpr changes in the mission model. 
Changes in the LCRP were looked at separately. 

The mission model used to cost spacecraft programs for this study is the 
maintenance applicable set, and was discussed in Chapter III. 
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It consists of 47 spacecraft programs with 317 missions from 1979 through 
1991 and an additional 23 missions after 1991. Only the years of mission 
launches are required, it was not necessary to assign mission to shuttle 
flights due to the method of calculating LCRP. If correctly loaded on board 
shuttles and tugs, the LCRP indicates that the entire maintenance applicable 
set could be flown using 168 shuttle flights and 84 tug flights, if all mis- 
sions are flown expendably or 100 shuttle flights and 84 tug flights, if 
flown in the on-orbit maintainable mode. (This assumed a load factor of 
0.70 for the orbiter and 0.85 for the tug.) The current traffic model lists 
a total of 782 shuttle flights, with 540 flights being available for NASA 
and commercial missions. ( The October 1973 Space Shuttle Traffic Model , 

NASA TM X-64751, Rev. 2, MSFG, January 1974, Bibliography Item A-2.) Other 
mission models have suggested a reduction in the total number of flights to 
572 or to 546. (The "572 Flight Shuttle Traffic Model" and "Generation of 
Shuttle Flights Manifests for the October 1974 Traffic Model" , NASA Memoran- 
dum, D. N. Turner, 10 June 1975, Bibliography Item A-6.) These represent, 
roughly, a reduction in the total number of flights by about 25 percent. 

Since the costs were determined for the maintenances applicable set 
independent of which specific flights the missions were flown on, and since 
it appears that the specific flight data may vary as the shuttle era draws 
closer, it was decided to vary the mission model used for costing mainten- 
ance independently of specific flight data. Two separate cases were 
investigated j a reduction in the mission model of 25 percent of the operat- 
ing cycles (missions) and of 50 percent in the operating cycles. No 
programs were eliminated in the reduction of operating cycles. Operating 
cycles were reduced according to the following rules: 

1) Programs with 1 or 2 cycles - no reductions. 

2) Programs with 3 cycles - reduce 1. 

3) Programs with 4 or more cycles reduce at least 25% (or 
50%) to have each program and total number close to 25% 

(or 50%) reduction. This applied to programs with n^ = 1. 

4) For programs with large n^, reduce n^ (accord- 
ing to the #2 method, where n = n (n^) using rule 3) for 
n^ instead of n, 
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The actual number of operating cycles was reduced from 340 to 249 for a 
25 percent reduction and from 340 to 171 for a 50 percent reduction. Re- 
sults of this showed that total savings were reduced from 9 billion dollars 
(for 340 cycles) to 5.9 billion dollars for a 25 percent reduction and 3.3 
billion dollars for a 50 percent reduction. 

The deviation in parts factor (pf ) , factor to modify S/C unit cost (sf), 
factor to modify DDT&E (d), and ratio of launch checkout to S/C cost (R) , for the 
on-orbit maintainable mode were calculated as follows: 

D = Dj^ + D 2 + Dg 

where D = total deviation in parts factor values 

= deviation due to inaccuracies in data sample 

= deviation about the mean of the data sample 

Dg = deviation of the mean due to the limited size of the data 
sample 


D 


1 


D 


2 



Individual inaccuracies 
■^number of data samples 

= standard deviation about the mean 




— = deviation of the mean due to limited data sample. 
If n = N (the data sample represents all of the 
possible cases) then = 0. If ^ ~ 0 (the data 



sample is very limited) then = 

3. Sensitivity Analysis Results 

Table IX-43 presents a summary of data and results for variations in pf, 
sf, d, and R. Results Indicate that for an average parts factor of about 
0.16 a variation of a max of jp.08 is reasonable, for a value of sf of 0.08 
a variation of a max of +.06 is reasonable, for a value of d of 0.04 a 
variation of a max of j<),03 is reasonable and for a value of R of 0.09, a 
variation of +.03 is reasonable. 


Applying the correct influence coefficient for each spacecraft program 
for each of these cost parameters, the total cost parameters can be calculated. 
Results of these calculations are presented in Table IX-44. Note that in- 
creases in R tend to increase savings while Increases in pf, sf, and d all 
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R 
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25 
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4 

3 
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0.08 

0.04 
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+0. 02 

+0.01 
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■’i 

+0. 0106 

+0. 0082 

+0. 0050 

±0.0075 

^2 

±0. 0589 
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+0. 0124 

+0.0115 

N 

47 

? 

? 

? 

n/N 

0.53 

0 

0 

0 

“3 

+0.0080 

+ 0 , 0127 

+0. 0062 

+0.0067 

D 

+0.0776 

+0. 0521 

+0.0237 

+ 0 . 0257 

"^USED 

+0.08 

+0.06 

+0.03 

+0.03 
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tend to decrease savings. Also note that the variation In costs due to pf Is 
larger than all the others. It is also possible to sum the A's In saving 
and to root sum square (rss) these deltas In savings, which Is probably more 
correct since all are pretty much Independent. The sum of the absolute magnl 
tude of these values Is 1.8 billion and the RSS value Is 1.1 billion, both 

fairly small as compared to the 9 billion or more total savings expected from 
on-orbit maintenance. 


The same type of analyses as applied to pf, st, d and R was applied to 
the cost parameters assocated with the LCRP. Table Ix-45 presents a summary 
to the data used to calculate deviations for these parameters. Table IX-46 


then presents the summary of A 's In savings due to applying the cost para- 
meters variations In Table lX-46 to the Individual Influence coefficients 
for each of the 47 spacecraft programs. Again, the Individual A's can be 

summed and RRS'd to result In values of for the sum and for 

the RSS. -719.0 


It would be possible to combine the A's calculated for the LCRP along 
with the remaining maintenance cost parameters, but it was decided not to 
because: (1) it was believed that the LCRP parameters were a lot more 
nebulous than the other parameters and 2) while the variations in most of the 
maintenance cost parameters could easily be in either directions (+ or -), 
■the expected change for the LCRP parameters are expected to be mostly in I 
known direction (+ for C^^.o ^nd C^^^ and - for x, and x,). In fact, a 
separate calculation was made for orbiter launch costs. If the cost of 
launching the orbiter were to increase from $12. OM per flight to $20M per 
flight, the savings obtained by flying in the on-orbit maintainable mode 

would be increased from $9.0B to $9.6B (the increase in savings would be 
$S56M). 


Figures IX-17 and IX-18 present plots of total savings in going from 
expendable spacecraft programs to on-orblt maintainable spacecraft programs 
as a function of what percentage of the maintenance applicable set Is 
flown. Plotted in Figure IX-17 are the possible variations In cost due to 
maximum expected variations In pf, sf, d and R and plotted on Figure lX-18 
are possible variations In cost due to maximum expected variations In the 
WRP parameters. For both Figures IX-17 and IX-18 It can be seen chat for 
reductions In the mission model of up to 50 percent and for a wide range 


IX-82 














I 


^ ROOT SUM 
SQUARE OF 

^ INDIVIDUAL 
1 SAVINGS 
^ ^ ' CHANGES 


SUM OF \ 

individual; ^ ^ 

SAVINGS ) 

CHANGES ( 


40 60 80 
PERCENT OF BASELINE MISSION MODEL 


Figure IX-17 Cost Sensitivity Analysis y Partial Summary for pfy sfy dy R 


y 


. — ROOT SUM 
I SQUARE OF 
INDIVIDUAL 
' SAVINGS 
CHANGES 


SUM OF 
INDIVIDUAL 
SAVINGS 
CHANGES 


10 20 30 40 50 60 70 80 90 100 

% OF MAI MTENANCE APPLICABLE SET FLOWN 


Figure IX-18 Cost Sensitivity Analysis y Partial Summary for LCRP 


of possible variations in cost parameters, on-orbit servicing can still 
save billions of dollars over expendable spacecraft programs. 

Many other variations in the input data are possible and, in fact, 
will come about long before the shuttle era. The data provided in this 
report will enable any interested party to calculate for himself the ef- 
fects on the total savings (or on individual spacecraft savings) due to 
any changes in any of the input data by using the influence coefficients 
and nominal savings given in Table IX-41. 

M. COST ANALYSIS SUMMARY 

The important conclusions that can be drawn from the economic evalua- 
tion include: 

1) Use of on-orbit servicing over the 12 years covered by the 1974 
SSPD and the October 1973 Payload Model results in savings 
greater than 

• nine billion dollars over the expendable mode, and 

• four billion dollars over the ground refurbishable mode. 

2) The life cycle costs of the on-orbit servicer represent approxi- 
mately one percent of the overall savings and these costs can be 
fully recovered by 1982. 

3) Cost sensitivity analyses showed that wide variations in cost 
data, especially mission model size and fraction of spacecraft 
replaced, affect specific savings but do not change the major 
study conclusions. 

4) A long-life free-flying servicer at geostationary orbit is po- 
tentially cost effective. 

5) Specific launch cost reimbursement policies can be an important 
factor in which form of servicing is adopted for individual 
spacecraft programs. 

6) Expendable satellites are cost effective where satellite life- 
time meets program lifetime requirements. 
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X, SELECTION OF A RECOMMENDED SYSTEM 


Chapters III through IX have developed material and presented evalua- 
tions, tradeoffs, and selections in the various aspects of orbital 
maintenance. However, each of the chapters addresses part of the story; 
this chapter brings it all together to select the final recommended main- 
tenance concept. All of the necessary data was developed above; the 
important factors will now be isolated and brought together in a logical 
way. The selection of a cost effective orbital maintenance system and 
the supporting rationale are the primary study outputs. 

A. SELECTION APPROACH 

The approach to the final selection logic is shown in Figure X-1. 

The three maintenance modes --expendable, ground refurbishable , and on- 
orbit maintainable--are shown along with the alternative maintenance 
concepts for each mode that survived the prior evaluations and tradeoffs. 

The order of conducting this final selection will be from the bottom u-p-i 

The first selection will be between the on-orbit servicers--pivoting arm 
and general-purpose manipulator--, the second between the visiting systems — 
EVA, the shuttle remote manipulator system, and the selected on-orbit 
servicer — ,and the third between the three maintenance modes. 

The evaluation considerations listed are those that were used through- 
out the study and those that were used in this final selection. Spacecraft 
design aspects involved whether spacecraft can be designed to be compati- 
ble with a given maintenance mode with acceptable design, weight, volume, 
and cost effects. This has been expressed as minimum constraints on the 
spacecraft design. The spacecraft program mission requirements and 
schedules should not be compromised by spacecraft design for servicing. 

The STS impacts involve the effects of the maintenance concept on the STS 
and include such things as rendezvous and docking, weight capability to 
desired orbits, communications requirements, and integration into the 
ground processing flow. 

Technical considerations involve whether a maintenance concept is 
technically feasible and involve such things as weight, stowed length, de- 
sign requirements, docking system compatibility, reliability, simplicity, 
operability, and need for advances in the state-of-the-art. Operational 
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Figure X~1 Maintenance Modes and Concepts 

areas involve application of a maintenance concept to low-, medium , and 
high-earth orbits. 

The progra^tlc considerations Involve such things as whether .ore 

than one r^lntenance concept .ust he developed, whether 

rt-it-h the need, growth capability, and tne nuiu 
schedule is compatibl armlicable. There are 

spacecraft prograt« where eosts llvolve DOT&E 

two levels of cost conslderatrons. Marntenance P ^ ^eecraft 

production, and operations for the r^lntenance concept y. J ^ 
costs Involve the spacecraft DOTiE, production, and operat 
program with the spacecraft and the 

costs as well as the launch costs associated with sp 

maintenance concept . 

The spacehome part of the walntenance concepts Involved In the final 

selection are shown in Fig. X-2. The expendahle and ground refurhlsha 

concepts are also Involved In the final selection. 





Figw?e X-2 Remaining Visiting Sijstems 

B. ON-ORBIT SERVICER SELECTION 

The two maintenance concepts involved in this level of selection are 
the pivoting arm and the general purpose manipulator. Each has been con- 
figured to do basically the same module exchange activity. They have 
similar spacecraft design effects with the important difference being that 
the pivoting arm primarily replaces modules axially, while the general 
purpose manipulator primarily replaces modules radially. However, either 
can be developed to handle modules in both directions. The pivoting arm 
places fewer constraints on the spacecraft designer and because it uses 
the entire end of the spacecraft it permits a slightly better spacecraft 
volumetric efficiency (the central region is not lost) . 

Either concept is adaptable to central pr peripheral docking mecha- 
nisms. They both satisfy all the design criteria and are technically 
feasible. The pivoting arm is lighter and simpler, while the general pur- 
pose manipulator has a shorter stowed length. The general purpose 
manipulator is 15 percent higher in maintenance concept cost, but when the 













difference in total spacecraft program costs are also considered, the 
general purpose manipulator costs can be as much as 50 percent higher. 
Both can be applied at all spacecraft orbits, but the general purpose 
manipulator is more adaptable to complex servicing tasks should they be 
required. 

The results of this evaluation are summarized in Table X— 1. The 
totality of the factors favors the pivoting arm concept and it is 
selected and ’^recommended. The preliminary design of this concept was 
accomplished successfully (Chapter VII) which strengthens this recom- 
mendation. 


Table X—1 On-Ovh'i'b Sewi.cev SeZeot'toYi Suiwnapy 


RECOMMEND PIVOTING ARM 

LEVEL OF AVAILABLE SPACECRAFT DEFINITION HAS NOT PERMITTED IDENTIFICATION 
OF A SPECIFIC REQUIREMEIVr FOR RADIAL MODULE REPLACEMENT TO THIS POI^ 

C0NCEPT^(5R0^ MODULE REPLACEMEINTT SHOULD BE OBTAINED THROUGH 

LITTLE DIFFERENCE IN STS IMPACT 
SIMPLEST 

NO D I FFERENCE I N OPERATIONAL AREAS 

SIMILAR DEVELOPMENT PLANS AND OPERATIONAL CONSIDERATIONS 

LEAST COST 


C. VISITING SYSTEM COMPARISON 

The three maintenance concepts involved in this level of selection are 
(1) EVA, (2) shuttle remote manipulator System, and (3) pivoting arm ser- 
vicer. They are all evaluated on their ability to perform module exchange, 
although each does it in different ways and with different effects. The 
EVA and SRMS concepts are limited to operations at the orbiter. An early 
cost analysis showed that the cost of using two tugs and arbiters to bring 
a high earth orbit spacecraft to the orbiter for maintenance and then to 
replace it in its orbit was excessive. Thus this option is not further 
X-4 



considered. Only single tug/orbiter options are considered. The result is 
that the majority of this evaluation involves operations at the orbiter. 

The effect of this limitation is brought into the cost discussion. 

The three maintenance concepts have been defined and evaluated in 
Chapter IV. All have similar spacecraft design effects in that each con- 
cept has been defined to perform axial module exchange using similar 
module sizes, SRU interface mechanisms, and end effectors (power tools for 
EVA). EVA places some additional design conditions on the spacecraft. 

These are not major but do inovlve such things as sharp edges, restraint 
attachments, delicate surface protection, and hand grip sizes for EVA 
gloves. These effects on spacecraft design will show up as increased space- 
craft cost. The effect will be small and is estimated to be one percent 
of spacecraft non-recurring and recurring cost. 

All the three concepts are compatible with central or peripheral dock- 
ing devices. The SRMS is used to dock spacecraft for each of the concepts 
and to move concept equipment (e.g., stowage rack) from launch/ reentry loca- 
tion to and from the servicing operation location in the orbiter cargo bay. 
Each of the three concepts are technically feasible. EVA requires de- 
velopment of a power tool for module replacement which has been included 
in the EVA costs. The current SRMS design requirements do not include 
module exchange, rather they emphasize payload deployment and retrieval. 

The addition of a module exchange capability to the SRMS will result in 
increments in development, production, and operation costs. These cost 
increments have been developed and discussed in Chapter IX and will be 
shown in the maintenance concept costs below. The pivoting arm design can 
be essentially the same for use on the orbiter, tug, EOTS, a geosynchron 
ous free-flyer, or some forms of the lUS. Each maintenance concept can 
use the same form of module stowage rack. 

The airborne support equipment (ASE) for the three concepts is differ- 
ent. The pivoting arm concept is easily placed into an operating position 
by the SRMS. It contains its own spacecraft docking mechanism, has a 
short stowage length and simple, foldable, support structure between the 
stowage rack and the orbiter when in the operating position. 

Both EVA and SRMS require a large bulky structure to support large 
spacecraft, with deployed appendages, above the orbiter mould line and 


CUM of the orbiter tall. This structure must also span from orblter 
longeron to longeron. It takes the form of a truss work that Is approxx- 
mately 17 ft x 17 ft x 10 ft when in the operating configuration. It must 
be folded to get It into the cargo bay (doors closed) and further folded 
to decrease Its stowed length. The technique for this folding has not 
been addressed, but is possible. A stowed length of five feet Is est - 
mated which results in an increment in the launch costs for S an 
over the pivoting arm for large spacecraft. Small spacecraft with accept- 
able espeudages can be placed In the orblter cargo bay for servicxng an 
present no launch cost penalties. 

several additional considerations are shown in Table X-2 which complete 
the non-cost considerations. The non-cost considerations may be summarized 

as : 

(1) Equivalent spacecraft design effects; 

(2) Equivalent STS impacts, except for orbiter cargo bay stowage 

aspects; 

(3) Each is technically feasible; 

(4) Only the pivoting arm can be used in high earth orbit, 

(5) Programmatic considerations 

a) SRMS operations are more awkward, 

b) EVA and SRMS use more STS baseline equipment, 

c) Use of pivoting arm in LEO implies a single 
visiting system development. 

Visiting system mslntenance concept life-cycle costs are shown In Table 
X-3 in millions of dollars. The EVA and SEMS costs shown are those associa- 
ted with servicing and which ate In addition to the STS baseline costs, 
pivoting arm costs are shown for LEO/MEO/HEO which represent a capability 
to service all 47 spacecraft programs. They are also shown xrtxen the capa- 
bility is reduced to LEO only so that they may be compared with the SEMS 
and EVA costs. Note that for LEO only, the direct costs of the 
visiting systems are estimated to only vary by ±6 percent (from 80 to 90 
million dollars). However, when the additional spacecraft costs for EVA, 
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Table 


Additional Considerations for Visiting Systems 


SERVICING TIIVIE 

EACH CONCEPT REQUIRES 1 TO 2,5 HOUR RANGE WHICH IS NOT A SIGNIFICANT 
DIFFERENCE. HOWEVER, EVA REQUIRES AN ADDITIONAL 5 HOURS FOR PRE- 
AND POST-EVA ACTIVITIES. 


CARGO BAY OPERATIONS 

EVA AND PIVOTING ARM OPERATING LOCATIONS ARE PRIMARILY LIMITED BY 
SPACECRAFT APPENDAGES. SRMS.IS ALSO LIMITED BY ITS OWN REACH AND 
CONFIGURATION EFFECTS. 

UTILIZATION OF EXISTI NG STS BASELINE EQUIPMENT 


EVA AND SRMS USE MORE OF THE STS BASELINE EQU IPMENT THAN THE ON- 
ORBIT SERVICER. 

SERVICING ORBITS 

EVA AND SRMS ARE LIMITED TO LOW EARTH ORBITS WHILE THE ON-ORBIT 
SERVICER CAN BE UTILIZED IN HIGH EARTH ORBITS ALSO. 

DEVELOPMENT OF THE ON-ORBIT SERVICER FOR LEO APPLICATIONS 
BENEFITS THE EXTENSION OF SERVICING TO HEO APPLICATIONS 
ESTABLISHES USER ACCEPTANCE BEFORE HEO SPACECRAFT DESIGNS BECOME 
FIXED. 


Table X-3 


Visaing SysUm Cost Componisons (millions of dxillms) 
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PIVOTING ARM 
1 FO/MEO/HEO 

29 

17 

57 

103 

0 ' 

0 

■ 

103 

UuVJ/ IY 1 L.W/ 1 li-v 

P IVOTI NG ARM 
1 FO ONLY 

- 

29 

14 

47 

90 

0 

0 

90 

LuU VINL. 1 

SRMS LEO ONLY 

22 

20 

40 

82 

0 

100 

182 

EVA, LEO ONLY 

18 

11 

51 

. 

80 

90 

100 

270 




and the incremental launch cost reimbursement policy effects for EVA and 
SRMS are included, the on-orbit servicer could be some 90 million dollars 
cheaper than the SRMS and some 180 million dollars cheaper than EVA* 

The total spacecraft program costs for the three visiting systems are 
shown in Table X-4. When looked at across the total mission model, includ- 
ing MEO/HEO orbits, the pivoting arm servicer could save an additional 2.2 

Table X-4 Visiting Systems - Spaoeardft Program Costs (Billions of dollars) 



PIVOTING 

ARM 

eva'I' 

SRMS^^^ 

(2) 

SRMS' ' 

LEO SPACECRAFT 

9.35 

9.54 

9.45 

9.45 

MEO AND HEO SPACE- 
CRAFT 

6.43 

8.53 

8.53 

7.37 

MAINTENANCE CON- 
CEPTS 

0.10 

0.08 

0.08 

0.08 

TOTAL 

15.88 

18.15 

18.06 

16.90 


(1) MEO AND HEO FLIGHTS ARE IN EXPENDABLE MODE 

(2) BEST MIX OF SRMS, GROUND REFURBISHABLE AND EXPENDABLE 

billion dollars over the EVA and SRMS concepts when the MEO and HEO flights 
are conducted in an expendable mode. The fourth column shows a best mix 
using SRMS at the orbiter for LEO, a single tug returning some spacecraft 
to the orbiter for SRMS servicing, and then replacing the spacecraft in 
orbit for some MEO, and the least expensive of expendable or ground -refurbish 
able for the other MEO and HEO spacecraft. The pivoting arm servicer 
provides one billion dollars additional savings compared to the best 

of the other visiting system alternatives. 

The pivoting arm form of on-orbit servicer is thus selected to repre- 
sent the on-orbit maintainable mode and, as will be justified below, is 
thus recommended for further development. 

D. MAINTENANCE MODE COMPARISON 

The three maintenance modes involved at this level of selection are the 
expendable, ground refurbishable, and on-orbit maintainable, where the 
pivoting arm servicer is the concept used for the on-orbit maintainable 
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mode. The expendable mode just 
considered to be represented by 
mode only required some changes 
and retrieval and thus also may 
maintenance concept. Table X-5 

Table X-5 Maintenanoe Mode Non- 


uses expendable spacecraft and thus may be 
a valid concept. The ground refurbishable 
in the spacecraft for rendezvous, docking, 
be considered to be represented by a valid 
summarizes the non-cost considerations. 
'Cost Cons'ideTQ.t'ions 


SPACECRAFT CAN BE DES IGNED FOR EACH MODE - EFFECT 
IS REFLECTED IN COSTS 

STS REQUIREMEIWS ARE PART OF STS BASELINE OR EFFECTS 
ARE REFLECTED IN COSTS 

EACH OF THE THREE MODES IS TECHNICALLY FEASIBLE 

EACH OF THE THREE MODES CAN BE USED IN LEO, MEO AND 
HEO 

ACCEPTABLE DEVELOPMENT PROGRAMS AND OPERATIONAL 
METHODS ARE POSSIBLE FOR EACH MODE - EFFECTS ARE 
REFLECTED IN COSTS 


Each of the three modes is feasible and practical ah 
, ^ , practical. All non-equivalent 

aspects can be, and have been, expressed as costs. 

Table X -6 presents a cost summary of flvincr /? 

ttn^ry or flying the 47 spacecraft programs 

Table Z-e Maintenance Mode Cost Swmany (Billione of OollarB) 
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billion dollars, a savings of almost 5 billion dollars. The third column 
i represents most programs being flown in the on-orbit maintainable mode 
(as typified by the pivoting arm servicer). Some programs are still 
cheaper to fly in an expendable mode, but none are cheaper in the ground 
refurbishable mode. The total cost is less than 16 billion dollars and 
that represents a savings of some nine billion dollars, or 36 percent, over 
flying all spacecraft expendably and some 4.2 billion dollars, or 21 per- 
cent over the ground refurbishable mode. 

The total life cycle costs for the pivoting arm servicer of 103 million 
dollars represents approximately 1 percent of the nine billion dollars that 
can be saved by utilizing on-orbit maintenance instead of all expendable 
spacecraft. As noted in the sensitivity analysis of chapter IX, expected 
variations in cost elements change the value of savings, but in all cases, 
the on-orbit maintainable mode is the least expensive. 

It is concluded that on-orbit maintenance is the most cost effective 
mode. 

One of the cost sensitivity factors investigated was the size of the 
mission model. It was shown that reductions in the size of the mission 
model reduced the size of the savings. It also is recognized that if a 
spacecraft program is initiated in an expendable mode and then later 
switched to the more cost effective cn-orbit maintainable mode, then, the 
cost of the second development will reduce the possible savings. Both of 
these factors imply that early acceptance of on-orbit maintenance should 
be actively pursued. This in turn implies that development of the pivoting 
arm on-orbit servicer should include early demonstrations to strengthen 
user acceptance. It also implies that analysis, design, engineering test 
unit fabrication and evaluation of on-orbit servicers should be continued 
actively. 
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